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Abstract: Traditional golden red glasses were based on K,0-PbO-SiO,
composition system. In this paper, we reported new golden red glasses
based on Na,O-CaO-SiO, system without SnO, and PbO in them. By using
a spectrophotometer and chromamter color difference meter, it was found
that the new glasses had similar optical properties to the traditional ones.
The diameter of the gold particles in new glasses is around 40 nm
determined by scanning electron microscope. The surface plasmon
resonance created by the absorption of visible light emits golden red color.
The benefits of using new golden red sodium calcium silicate glasses are
the reductions of gold amount, cost and lead pollution to the environment.
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Introduction

Tammannn and  Schrader (1929) studied
systematically how gold composition in glasses modified
the colors of glasses in 1920s. First, gold ions were
introduced in the glass, gold ions then reduced to atomic
gold, through the nucleation process the gold crystals
grew to a certain size. When visible light is incident on
the gold particles a group of electrons resonantly
oscillates on the surfaces of gold particles at a certain
frequency, i.e. a certain incident wavelength of light was
absorbed by electrons in the gold particles, then those
oscillating electrons so called surface plasmons (de
Aberasturi et al., 2015), emitted light at the same
frequency of the color. Tammannn and Schrader (1929)
found out the colors of the glasses were correlated to the
sizes of the gold particles. Golden red glasses showed
rosy red so they were also called golden red jams.

Usually K,0-PbO-SiO, system was used for the basic
composition of the golden red glasses (Weyl, 1999;
Rooksby, 1932; Scholes, 1974; Morey, 1954). Compared
K,0-PbO-SiO, system to Na,0-CaO-SiO, system
glasses, gold has a higher solubility in PbO contained
glasses. Gold was also easier to be nucleated during
heating in PbO contained golden red K,O-PbO-SiO,
system glasses. Volf (1984) reported red color was
obtained by adding only 0.01 to 0.02% gold in glasses.
The gold content in high lead contained golden red
glasses could reach 0.1% reported by Rooksby (1932)

% Science

Publications

and Morey (1954). Volf (1984) found that golden red
color could be seen in Na,0-CaO-SiO, based glasses
with only 0.02-0.06% gold in them. However, in order to
increase the solubility of gold in glasses at low
temperature and to prevent the precipitation of gold
when viscosity of glasses is low, protect agent of 0.5-
1.0% SnO, had to add in Na,0-CaO-SiO, glasses. Volf
(1984) reported that the amount of SnO, was twice of
that of gold in his Na,O-CaO-SiO, glasses.

There are advantages to use K,O-PbO-SiO, as base
glass system for golden red glasses; however, lead is not
only poisonous to humans but also pollutes the
environment. Johnson (1997) reported that lead will be
banned in glasses in Europe, hence, it is a must to find an
alternative way to manufacture golden red glasses.

In this paper, Na,O-CaO-SiO, was used as the basic
golden red glass system. Less gold amount, no SnO, and
no PbO were used in our new golden red glasses. It was
found that the second time heat treatment to enhance the
color is not necessary compared to the traditional
fabrication of K,0O-PbO-SiO, based golden red glasses.
The properties and fabrication of the new golden red
glasses were studied and reported.

Experiments

The advantages of using Na,O-CaO-SiO, as a base
glass system are it easily melts due to high alkali
concentration and the hardening speed is slow due to low
CaO concentration. Therefore, the glass system is
suitable to fabricate complex shaped products by
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blowing or pressing due to its broad range of glass
formation temperature. In Table 1, the compositions of
new and traditional golden red glass systems were listed
in mass percentage. According to the composition, the
material ratios were calculated and listed in Table 2.

The sample preparation started with 99.9% pure gold
nugget dissolving in aqua regia to obtain AuCl; solution,
then the solution was mixed with quartz sand. Since the
amount of gold is so small, a second mixture was done
by adding the solution with quartz sand to other raw
materials in order to have more uniform distribution of
gold in the mixture. Usually As,O; is used in lead glass
as refining agent, but compound of As,O; and Sb,O; is
used in sodium calcium silicate glasses as a refining
agent. Compound refining agent containing As,O; and
Sb,0; also enhances the solubility of gold in sodium
calcium silicate glasses.

Sample materials were uniformly mixed according to
the composition ratios listed in Table 2, put into the
ceramic crucible, then heat was applied until it melted.
Later mixed raw materials were added at temperature
between 1450 and 1470°C, the refining agent was then
added at temperature between 1550 and 1580°C, sample
then cooled down and finally the glasses were formed at
temperature between 1150 and 1200°C. The observed
heating temperature as a function of time during the
sample heat treatment was shown in Fig. 1. It is clear
seen in Fig. 1 that once the raw materials were added the
recorded temperature dropped. The shape of the final
glass products could be formed in many different ways
such as blowing, pressing, molding in transparent
container then blowing, or forming by an non-container
mold off-hand process.

Table 1: The compositions of traditional and new golden red glasses in mass percentage

SIOZ B203 CaO Pb304 BaO NaZO Kzo SIIOZ F Au
Traditional golden red glasses 56.22 2.58 0 25.20 241 3.11 9.22 1.20 0 0.06
K,0-PbO-Si0O, base system
New golden red glasses 76.92 1.12 3.05 0 0 18.56 0 0 034  0.01
Na,0-Ca0-SiO, base system
Table 2: The raw material ratios used in traditional and new golden red glasses
Quartz refining
sand H3B03 CaCO; Pb304 BaCO; N32C03 NaNO; K2C03 Sﬂ02 Can Au Sb203 agent
Traditional golden 100 8.9 0 53.18 7.1 0 0 8.09 231 0 0.06 231 0
red glasses
K,0-PbO-Si0O,
base system
New golden 100 35 5 0 0 38 35 0 0 054 003 0 0.75
red glasses
Na,0-Ca0-Si0,
base system
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Fig. 1: The sample process temperature as a function of time curve
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The gold red color was obtained at the glass forming
temperature in new golden red glasses. The annealing of
the new glasses was performed at temperature between
530 and 540°C. It was found that the golden red color
was already obtained at the glass forming temperature.
However, the golden red color in traditional K,O-PbO-
SiO, base glasses could only be obtained by two heat
treatments, i.e., annealing and later heating treatment;
one is at temperature between 530 and 540°C and the
other is at temperature between 570 and 600°C. The
golden red color appeared only after the second heat
treatment, i.e., so called striking.

Annealed new golden red glasses were investigated
(1) by wusing JSM 6460LV Scanning Electron
Microscope to determine the size of the gold nanocrystal,
(2) by using METASH UL-8000 spectrophotometer to
study the transmission curve, (3) by using Data Color
7000A chromameter to measure the coordination in color
purity chromaticity diagram, main wavelength, color
purity and total transmission and (4) finally by using ISO
7991:1987 method to determine the average thermal
expansion coefficient of new golden red glasses.

Results and Discussion

Melts of golden red sodium calcium silicate materials
were pressed in glass plates then polished to 2 mm thick
pieces after annealing. The typical transmittance curve of
the sample measured by the optical spectrophotometer
was shown in Fig. 2 in which a was obtained from new

golden red glasses and b was from PbO content
traditional golden red glasses.

The main absorption peak of new golden red glasses
located at ca. 540 nm was narrower. However, in the
traditional glasses the main peak is around 580 nm and
broader which was similar to the properties of SnO,
contained Na,0-CaO-SiO, glass reported by Volf (1984)
as shown in Fig. 3. The top row letters in Fig. 3 indicate
colors: v for violet, b for blue, g for green, y for yellow,
or for orange and r for red.

By using the color difference meter and standard
light source C, the positions of new and traditional
golden red glasses in ICE chromaticity diagram were
shown in Fig. 4 in which s represented new and p was
for traditional glasses. Two coordinates were very close
and almost at the same position in the ICE chromaticity
diagram. New glasses had 20.31% color purity, 34.28%
total transmittance and the main wavelength was 640
nm. The traditional glasses had 21.50% color purity,
38.45% total transmittance and the main wavelength is
longer than 640 nm. Color purity and transmittance were
higher in traditional than in new glasses.

Other properties such as density, index of refraction,
linear thermal expansion coefficient and softening
temperature of new and traditional glasses were listed in
Table 3. Since traditional golden red glass contained more
PbO (25.2%) hence its density and index of refraction were
higher but their linear thermal expansion coefficient and
softening temperature were lower than those in new glass.

Table 3: The property comparison between new and traditional golden red glasses

New golden red glasses

Traditional new golden red glasses

Property Na,0-Ca0-Si0, base system K,0-PbO-SiO, base system
Density (g/cm’) 2.52 2.980
Index of refraction 1.50 1.562
Linear thermal expansion coefficient (x1077/°C) (20-250°C) 105 102.000
Softening temperature (°C) 695 678.000
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Fig. 2: Transmission spectra of golden red glass in which (a) new golden red glass and (b) PbO content golden red glass
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Fig. 5: Sizes and shapes of gold nanoparticles examined by SEM

The mass of gold content in the raw materials of new
glass is about 83% less than in the old glass as shown in
Table 1. Consequently, the cost reduction of fabrication
new glasses is about 83% less than traditional ones just
by considering the reduction of gold used in the new
glasses. Because of the low gold content, the gold still
dissolved in the glass without adding SnO,. However,
CaF, did add into the raw materials to initiate gold
nucleation process and to enhance the formation of the
gold nanocrystals. The size of the nanoparticles was about
40 nm determined by the Scanning Electron Microscope
(SEM). The sizes and shapes of the nanoparticles
examined by SEM were shown in Fig. 5.

From the Tammann’s report (Tammannn and
Schrader, 1929), color of the gold particle is related to its
size; colorless for 5 nm or less gold particles, pink for 10
nm, purple red for 10 ~ 20 nm and dark purple red for
the 20 ~ 50 nm gold particles. Our result, ~ 40 nm size of
gold nanoparticles in new glasses was dark purple by
vision which is consistent to Tammann’s results
(Tammannn and Schrader, 1929).

Conclusion

New Na,0-CaO-SiO, based golden red glasses
without PbO and SnO, and containing only 0.01% gold
in mass percentage were fabricated and reported.
Compared to traditional golden red glasses, the mass of
gold in new glasses was 83% reduced. None SnO, and
none PbO were used in new glasses hence the impact of
the environmental pollution was greatly reduced.
Moreover, steady golden red color in the new glass could
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be obtained only by annealing once compared to both
annealing and heating processes in traditional glass in
order to striking the golden red color. With the advantage
of reduction of gold amount, significantly minimizing the
environmental pollution impact and one step of the
thermal process to obtain the golden red color, the new
glasses are promising future golden red glasses.
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