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One of the possible defects in sputter coating layers are cone shaped rods which originate from the float glass surface on the
atmosphere side. The glass surface had been etched by wax-like corrosion droplets and holes were formed into the glass skin after
washing. This results in inhomogeneity on the surface, which induces an inhomogenous deposition pattern of the material on the
surface during the process of sputtering. In contrast, the tin bath side is shown to be an ideal coating surface without any inhomogen-
eity. In some cases however, it could not be bent above the glass transition temperature (7}) in air due to formation of bloom
patterns, which make the glass milky. Our studies revealed that phase separation is the ultimate cause of the observed bloom
formation. In addition, sulphur flakes and needle-like nanocrystallites were detected on the tin bath side as well as hexagonal
nanocrystallites on the atmosphere side of the annealed float glass.

It was also found that flame treatment of borosilicate and lead crystal glasses induced two changes on the glass surfaces. These
are precipitation of evaporation products and phase separation beneath the glass skin. The samples were studied by a combination
of field emission scanning electron microscopy (FE-SEM) with different accelerating voltages and atomic force microscopy (AFM).

1. Introduction

The nature of glass surfaces and their modification during
different treatments are of considerable interest to glass sci-
ence and its technological applications. In the previous
paper [1] we have studied the surface changes in lead silicate
glass tubing exposed to air and their relationship to the
improved cutting behaviour of the tubing. Meanwhile the
surface changes of soda-lime-silica glass bottles have been
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investigated. A glass skin was found to cover glass surfaces,
which influences the corrosion behaviour significantly. The
present work in the first part describes the float glass sur-
face and its influence on the subsequent sputter coating as
well as the surface changes induced by annealing. In the
float process, molten glass floats on a molten tin bath, so
that tin penetrates into the glass. As a result, the float glass
has an atmosphere side and a tin bath side that feature
many different properties with respect to chemical compo-
sition, mechanical abrasion and refractive indices etc. By
annealing above the glass transition temperature, a wrin-
kling can appear on the surface of the glass called “bloom™.
Various studies have been carried out on float glass in the
past, most of which can be categorized into three groups:
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corrosion of float glass in humidity and in water along with
composition changes during the corrosion process [2 to 8];
characterization of tin in float glass before and after an-
nealing above T, [9 to 16]; other studies on float glass sur-
faces [17 to 20]. Up to now, few papers have described the
direct influence of the float glass surface on the sputter coat-
ing layers. This study was motivated by industry’s demand
to study the surface properties on both sides of the float
glass and to explain some of the defects of the coating layers
on float glass.

In the second part of this work, flame induced surface
changes of glass will be discussed. Flaming is often used as
a postproduction treatment method in order to make glass
articles suitable for different applications. Examples include,
remelting glass tubing into bottles or ampoules; melting
glass surfaces to remove the pressing burrs and cold waves
and rounding the sharp cutting edges. Flame induced sur-
face change is one of the least experimentally and theoreti-
cally developed problems, which can readily be explained by
the fact that the final products draw little attention from
researchers. Still, in industry, where the maintenance of a
stable level of quality is crucial during the production pro-
cess, it is important to have an understanding of these oc-
curring changes. Besides, the results of this study have not
only industrial benefits but have equal importance for the
glass science in general.

2. Experimental
2.1 Samples

Commercial soda-lime-silica float glass with a thickness of
1.6 mm was used in the first part of this study. A (5 X 10)
cm? sized sheet of this glass was put onto ceramic supports
in an electric furnace (Nabertherm) and heated at 650 °C
under ambient conditions. After annealing for 1 h, the sheet
was quenched to room temperature and stored in air for
further investigation. Another sample, a washed float glass,
was taken directly from the production process prior to
sputter coating. Finally a sample of float glass with an ITO
monolayer, which is an intermediate product of the coating
process, was investigated.

The second part of the study focused on borosilicate
ampoules, which were remolten from tubing and featured
defective white spots on the inner wall. The third part of
the study examined a lead crystal fire polished bowl which
underwent acid polishing as the last finishing process.

2.2 Analytical techniques

The surface, near surface and bulk structures of the samples
were investigated by light microscopy (LM, Axiovert, Carl
Zeiss Jena GmbH, Jena (Germany)), by height mode atomic
force microscopy (AFM, NanoScope Dimension, 3100,
Digital Instruments, Santa Barbara, CA (USA)) and by
field emission scanning electron microscopy (FE-SEM,
LEO 1530, Carl Zeiss NTS Inc., Oberkochen (Germany)).
The FE-SEM is equipped with three detectors: a) The In-
lens detector collects the secondary electrons originating di-
rectly from the spot centre. Through application of acceler-
ating voltages between 0.5 and 2 kV the surface morphology

b) ———— 200 nm

Figures la and b. FE-SEM micrographs (Inlens, 1kV) at an
intermediate product step of an electrochromic mirror with two
sputtered layers on the atmosphere side of float glass; a) surface
view of the top layer, b) cross-sectional view of the two layers.

of samples can thus be elucidated. b) The SE 2 detector
collects the secondary electrons from a deeper region under-
neath the surface. For this means, higher accelerating volt-
ages of above 5 kV are employed to image the near surface
structure. ¢) The Rutherford backscattering detector
(RBSD) collects the back scattered electrons (at a voltage
between 7 and 20 kV) and reveals material contrast images.
The chemical compositions of the samples were determined
with energy dispersive X-ray spectrometry (EDX, INCA
400, Oxford Instruments, Concord, MA (USA)) equipped
on the FE-SEM instrument. The element depth profiles of
the samples were recorded by using secondary neutral mass
spectrometry (SNMS, INA 3, Leybold AG, Koln (Ger-
many)). Samples studied with FE-SEM were coated with
carbon prior to examination. The AFM measurements were
carried out on bare glass surfaces at ambient conditions.

3. Results and discussion
3.1 Coated and heat-treated float glass

In sputter coated multilayer systems, cone shaped rods can
disturb the stack of layers and consequently impair the
physical properties of the whole system. Figures la and b
show a top view as well as a sectional view of the rods. It
can be seen that the featured rods have a different density
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Figures 2a to d. AFM images of both sides of float glass after washing with water as well as the first ITO layer on atmosphere
side; a) atmosphere side showing the glass skin etched by water drops, b) sputter coating ITO layer, c¢) and d) tin bath side on

different scales. -

from the surrounding continuous area. They originate from
the glass surface, enlarge gradually during further sputter
coating and pass through one layer into another. The rods
protrude from the surface as much as 100 nm and bridge
between individual layers, thus mixing electrical and other
physical properties of neighbouring layers. In order to study
the origin of the growth of rods, both sides of float glass
were examined after washing and prior to coating. Also in-
vestigated was a primary indium tin oxide (ITO) layer,
sputtered onto the atmosphere side of float glass. Figures
2a to d exhibit the results of the AFM investigation. Figure
2a shows the washed atmosphere side of float glass. It can
be seen from the image that holes are scattered statistically
on the surface and are surrounded by a slightly elevated
rim. We assume that these features stem from the remaining
traces of wax-like droplets, which were removed by the

washing process. The observed hole-like structures only oc-
cur when the surface is covered by an SiO,-rich skin layer,
which was postulated earlier in [1]. Similar studies on glass
surfaces that exhibit wax-like droplets also revealed holes
after the washing process [21]. The morphology of these
holes was found to be quite similar to those found in our
investigation. However, in these studies there is no mention
of an SiO,-rich skin and its role in hole formation. Figure
2b shows the ITO layer. The bright spots are the cone
shaped rods at their initial formation stage and their sizes
and distribution pattern are comparable with the traces of
water drops in figure 2a. If a flat surface is subjected to the
sputtering process, the deposited particles gather primarily
on the protruding objects and consequently result in zones
in the coating layer that are characterized by higher densi-
ties and faster growth. Our investigation indicates that the
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Figures 3a to d. FE-SEM micrographs (Inlens, 1 kV) and the corresponding EDX spectra (20 kV, scanned for 600 s) of float glass
two weeks after washing with water; a) and b) atmosphere side, ¢) and d) tin bath side.

slightly elevated rims of the etched holes in figure 2a are
probably responsible for the growth of the observed rods.
Based on hole size two different morphologies of rods can
be distinguished. Holes with rather small diameters result
in rods that feature a protruding top, whereas holes of larger
diameter lead to rods with depressed tops. Both types of
structure could be observed in one of our unpublished
works. Figures 2c¢ and d show the tin bath side of float glass
on different scales. Figure 2c illustrates the homogeneity of
the surface with no visible marks of corrosion. Magnified
by a factor of 4 (figure 2d) fine-grain nanostructures with a
size of about 30 nm become apparent. Measurements of the
roughness of a (2 X 2) um? sample of the surface resulted
in an RMS (root mean square) value of 0.30 nm. The tin
bath side changes scarcely when exposed to humid air for a
long time [2 to 4] and there are no visible traces of water
drops and no sputtering defects on it. The two different
sides of float glass can be distinguished with EDX equipped
with FE-SEM. Figures 3a to d show the morphologies and
the corresponding EDX spectra of the atmosphere and bath
sides, respectively. From figure 3a one can observe droplet-
like corrosion products. The corresponding spectrum (figure
3b) shows the chemical surface components. As expected no
Sn peak is detected on this side. In contrast, the morphology
on the tin bath side (figure 3¢), when examined under the
same magnification as the atmosphere side, is devoid of any
features and is characterized by a high degree of homogen-
eity. The corresponding spectrum (figure 3d) displays dis-
tinct Sn peaks. From the obtained spectral data and the

morphological images one can differentiate clearly between
the atmosphere side and the bath side. The EDX values
from figures 3b and d regarding the chemical composition
of the surfaces are listed in table 1.

Due to production requirements, float glass sometimes
needs to be formed into concave or convex shapes by ther-
mal treatments above 7,. Frequently, these treatments in-
duce the formation of bloom patterns which causes the glass
to become murky eventually leading to a loss of trans-
parency [9 to 14]. In order to understand the features of the
annealed float glass surface and their influence on the
sputter coating layers, a thermal treatment experiment was
carried out in the laboratory. For that purpose, a float glass
sample (5 X 10) cm? X 1.6 mm, bath side on top) was put
on two supporting ceramic pieces in an electric furnace and
heated at 650 °C in ambient conditions for 1 h and then was
quenched to room temperature in air. During the annealing
process the glass sample formed into a concave shape due
to gravity. One side looked murky and rough whereas the
other side appeared brilliant and smooth. Figures 4a to ¢
exhibit the outmost surface morphologies from both sides
by using lower accelerating voltage (1 kV) and the topogra-
phy detector (Inlens) of FE-SEM. The survey micrograph
of the tin bath side in figure 4a shows the previously men-
tioned bloom patterns and additional sulphur containing
flakes which can primarily be found at the centres of conver-
gent bloom ripples. Since the tin bath side of new float glass
is devoid of sulphur within the first few um of depth [22],
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Table 1. Elements in atom% detected by EDX on both sides of float glass at 20 kV and scanned for 600 s

0) Na Mg Al Si K Ca Sn
atmosphere side 62.35 7.45 1.95 0.15 25.00 0.14 297
tin bath side 61.81 7.48 1.96 0.19 25.14 5.15 0.26

Table 2. Elements in atom% detected by EDX on annealed bath side of float glass at 7 kV and scanned for 100 s

(6] Na Mg Si Ca Sn
spectrum | 67.88 217 25.85 1.61 1.16
spectrum 2 66.09 1.85 27.69 2.64

sulphate stemming from the bulk must be involved in the
redox processes leading to the observed bloom structures.
During annealing, sulphur containing species from the bulk
can diffuse to the surface and finally are oxidized to sul-
phates or sulphides on the glass surface. The result of this
process is illustrated by the enlarged surface image shown
in figure 4b, which displays numerous needle-like nanocrys-
tallites, which are the ultimate cause of the sputtering de-
fects. In one of our earlier investigations, it has been ob-
served that many needle-like flat plateau features appeared
in the annealed coating layers. At the time, it was not known
however, whether the defects were induced by errors orig-
inating from the sputtering technique or by the imperfection
of the glass surface. From our current investigation it can
be deduced that the defects are neither sputtering errors nor
surface imperfection, but instead are the immediate result
of the annealing treatment.

The original bath side can be as homogenous as shown
in figure 2c and figure 3¢, but during annealing some species
can diffuse out of the bulk to form objects of certain shape
on the surface. This process may even take place at tempera-
tures below 7,. The mobility of glass components below
and above the glass transition temperature is described in
the literature [23]. The annealed atmosphere side has no
bloom pattern at all when examined on the pm scale but
shows hexagonally shaped nanocrystallites instead of the
needle-like crystallites found on the bath side (figures 4b
and c). Consequently, it may be concluded that annealing
in air can result in unexpected inhomogeneities on both
sides of float glass, which subsequently can result in poor
adhesion and poor quality of the coating layers on the glass
surface. Possible methods in order to eliminate the an-
nealing-induced inhomogeneities are currently under inves-
tigation.

If the accelerating voltage of the FE-SEM is increased
to 7 kV and a material contrast detector (RBSD) added, the
bloom pattern in figure 4a (1 kV, Inlens) appears more
clearly than in figure 5a. Additionally, the sulphur flakes
are not so clearly visible as in the corresponding micrograph
of figure 4a and the needle-like crystallites can not be ob-
served anymore. The bloom pattern consists of brighter and
darker stripes that exhibit a period of about 1 um. The con-
trast of bright and dark that can be observed in the stripe
sequences stems from the various atomic species and their
differences in atomic weight. As a result, lighter elements
such as silicium yield a weaker signal (darker) whereas heav-
ier elements such as tin result in a stronger signal (brighter).

Moreover, featured stripes are oriented predominantly in
one direction which stands in sharp contrast to the rather
chaotic-like distribution of the sulphur aggregates. The ob-
served stripe pattern is a direct consequence of the typical
phase separation phenomenon as described in [24]. Most
studies [9 to 14] confirmed that the bloom pattern is related
to the enrichment of Sn at the surface, which is induced by
the oxidation of Sn>* to Sn*" during the annealing process
in air. The EDX results obtained during our investigation
show the same tendency. Before annealing, all tin bath sur-
faces of float glass taken from different factories show an
Sn content in the range of 0.23 to 0.28 at.%. One of the
measurements is listed in table 1. Without previous thermal
treatment the Sn content could only be detected with a
higher voltage of 20 kV and a long scanning time of 600 s.
However, after the annealing process, the Sn content could
already be detected with a lower voltage of 7 kV and a sig-
nificantly shorter scanning time of 100 s. The Sn content in
this case reached values above 1 atom% as shown in table
2. In conclusion, after annealing an Sn enrichment of the
surface takes places. In a similar study of another research
group [11 and 12], it was pointed out that the formation of
the bloom pattern was due to a different thermal expansion
coefficient of the topmost Sn enriched layer compared to
that of the bulk glass. As a consequence, it was postulated
that wrinkling of the tin bath side occurs. However, the
micrograph in figure 5a shows that the ripples are formed
from different materials (RBSD) and that the pattern is lo=
cated in deeper layers of the outmost surface (higher volt-
age). This corresponds to most SNMS depth profiles where
the maximum enrichment of the Sn signal is at a position
of 50 to 100 nm below the surface.

Hence, it is reasonable to believe that the bloom pattern
is the consequence of a phase separation during which an
Sn-rich phase in the surrounding SiO,-rich matrix is cre-
ated. This phase separation occurs underneath the glass
skin. In order to reinforce the suggested phase separation,
the EDX measurements were carried out carefully on vari-
ous darker as well as brighter stripes. Most results show that
the tin content of the brighter stripes is higher than that of
the darker stripes and that in extreme cases, there is no tin
signal on the darker stripe at all. Figures 5b and ¢ show
the FE-SEM micrographs and the corresponding spot EDX
spectra. The associated data is listed in table 2. In con-
clusion, all of the obtained evidence indicates that the
bloom pattern is ultimately formed by a phase separation
process of the glass near surface which is due to chemical
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Figures 4a to c. FE-SEM micrographs (Inlens, 1 kV) of the out-
most surface morphologies of float glass on both sides after
annealing at 650 °C for 1h in air; a) overview showing the
bloom pattern and additional sulphur flakes, b) needle-like
nanocrystallites on the tin bath side and ¢) hexagonally shaped
nanocrystallites on the atmosphere side.

a) P 10 ym
(0] Si
Mg
a n
| Sn
0 1 2 3 4 5
keV
b)
0 Si
Na
Ca Mg Ca
Ca
I T -vl..-..'urrﬂ-rmﬂ-r'rrﬂﬁ—rrrf-rrrn-vﬂ-ﬁ-n-r
0 1 2 3 4 5
keV
c)

Figures 5a to c. Material contrast FE-SEM micrograph (RBSD,
7 kV) (figure a), and EDX spot analysis of the brighter stripes
(figure b) and the darker stripes (figure c), which show the rip-
ple-like phase separation on the bath side of the annealed
float glass.

composition changes during thermal treatment of the float
glass [9 to 13]. Here we show for the first time that the
bloom is a phase separation phenomenon.
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3.2 Flame treated borosilicate and lead crystal
glasses

There is a wide temperature range from 600 to 2000 °C at
different positions within the flame. Consequently, numer-
ous features can be developed on the flame treated glass
surface. Here we discuss only two phenomena: evaporation
and phase separation.

Figures 6a to ¢ display some evaporation products ob-
served on borosilicate ampoules, which were formed by re-
melting of tubing with fire. At the remolten bottom and the
adjacent side wall at several millimetres from the bottom,
there is no detectable feature at all, even if the articles were
exposed to air for a long time. So the remolten area is ion-
poor, similar to a quartz glass, which can sustain the attack
of the surrounding media. At the position of about 1cm
from the bottom, different crystalline aggregates can be ob-
served due to the remelting in different media. Based on the
EDX analysis and the crystal forms it is suggested that the
multilayer crystals in figure 6a may be the chain-like or ring-
like crystal of Nas(B3Og), the sharp cornered crystals in fig-
ure 6b may be NaF or CaF, and the square shaped thin
crystals may be NaCl as shown in figure 6¢c. However, the
exact chemical compositions and the crystal structures of
the aggregates are out of the scope of this work. In industry,
the evaporation products worsen the quality of glass art-
icles.

The flame induced phase separation can be best demon-
strated on a fire polished lead crystal bowl surface. The
treated area looks black or golden and brilliant. Under an
optical microscope some yellow flowers, dark spots etc.
were observed at different positions. Figures 7a and b pre-
sent two examples of the optical micrographs. The AFM
measurements on the spots show less features than detected
by the optical microscope. A typical morphology revealed
by AFM is presented in figure 8a, it resembles local contrac-
tions. The FE-SEM measurement on the same place as
examined with AFM showed another feature. The whole
surface is covered with spheres in the sizes of 100 nm or
less, arranged in a monolayer. There are no spots as shown
in the LM pictures (figures 7a and b) and there is no pattern
similar to the AFM image (figure 8a). Then the sample was
measured with FE-SEM by adjusting the accelerating volt-
ages as well as the working distances and by inserting vari-
ous detectors. One series of the measurements is listed in
figure 8b. At 1 kV the micrograph shows the same pattern
as the one revealed with AFM, at 2 kV the surface feature
is obscure and some spheres appear, at 3 and at 5kV very
clear spheres are observed. A phase separation has taken
place beneath the glass skin. The schematic drawing of this
phenomenon is presented in figure 8c. The element depth
distribution of the sample surface was studied with SNMS.

Figure 9 displays a strong peak of Pb near the surface
in the depth of about 50 nm (similar to the tin peak in the
profile of the annealed tin bath side of float glass [11]). The
enrichment in Pb may be induced by the reduction of Pb>*
to Pb? during the reducing flame treatment (CO). The result
of SNMS depth profile corresponds well with the mi-
croscopy investigations. The FE-SEM survey micrograph
(RBSD, 5kV) in figure 10 shows more general features of
the fire polished lead crystal glass surface beneath a glass
skin. The brighter spheres should be the isolated Pb-rich
domains because of the stronger contrast of heavier Pb

c) P 2um

Figures 6a to c. FE-SEM micrographs (Inlens) of evaporation
products condensed on the ampoules inner surfaces; a) at
0.5kV, b) and ¢) at 1 kV.
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Figures 7a and b. Optical microscopic pictures of a fire polished
lead crystal bowl surface.

compared with the SiO,-rich matrix. The spheres assemble
into different aggregates with different sizes and different
densities, which may result in patterns in LM micrographs
as shown in figures 7a and b of the same surface area. The
AFM measurement in figure 8a shows yet another mor-
phology as described above. Consequently, these results per-
fectly illustrate that it is crucial to combine different charac-
terization methods in order to avoid a misinterpretation of
the real structure. Additionally, the fire polished lead crystal
bowl was polished with acid solution. The surface of the
final product is very flat and maintains stable towards the
corrosion in moist air for a long time. It is possible that the
ions near the glass surface have been leached out and leave
a thicker SiO,-rich layer which protects the glass from the
attack of the surrounding media.

Flame induced phase separation has not only been ob-
served on fire polished lead crystal bowls but also on the
remolten mouth rim and stem base of lead crystal and bar-
ium silicate wine cups and on the remolten mouth rim of a
borosilicate coffee pot. It is the cause of the visible local
cloudiness of glass articles after certain cycles in dish-
washers [25]. The phase separation phenomenon in glasses
has been known for a long time already, e.g. in barium boro-
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Figures 8a, b and c. AFM image of the fire polished lead crystal
bowl surface (figure a); FE-SEM micrographs (Inlens, with dif-
ferent voltages) of the same sample as in figure 8a (figure b);
and schematic drawing of the phase separation beneath a glass
skin (figure c).
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Figure 9. SNMS depth profiles of the fire polished lead crystal
glass surface showing a strong enrichment of lead in the near
surface region.
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Figure 10. Survey view of the fire polished lead crystal glass
surface showing different sphere aggregates (material contrast
FE-SEM micrograph at 5 kV, with RBSD).

silicate glass, lithium silicate glass, bioglass ceramics etc.
Many glasses have the tendency to show phase separation
as a direct consequence of thermodynamics [26]. In con-
trast, this study focuses on surface treatment induced com-
position changes that are followed by phase separation
through chemical reactions of the surrounding media with
the treated glass surface, like oxidation on the tin bath side
of float glass and reduction on the fire polished lead crystal
glass surface.

4. Conclusion

This study has shown that traces of water drops on the at-
mosphere side of the washed float glass are the origin of the
growth of cone shaped rods as defects in sputter coating
layers. Annealing the float glass above T, in an oxidizing
atmosphere gives rise to ripple-like phase separations
(blooms) of the Sn-rich phase in the glass matrix on the tin

bath side. During annealing, sulphur containing species can
diffuse out of the bulk and form e. g. sulphates or sulphides
(e.g. CaSO,, Na,SO,) on the surface. Furthermore, there
are needle-like nanocrystallites on the bath side and hexa-
gonally shaped nanocrystallites on the atmosphere side of
the annealed float glass, which result in defects of the coat-
ing layers. After flame treatment two additional features ap-
pear on glass surfaces, namely phase separation and evapor-
ation products, which affect heavily the quality of the final
products.

Postproduction treatments such as flaming are import-
ant techniques to broaden the use of glass articles, but one
must also take into account the possible negative side ef-
fects.
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