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Atomic force microscope study of the topography of float glasses
and a model to explain the bloom effect

Doris Moseler"), Gerhard Heide and Glnther Heinz Frischat
Institut fir Nichtmetallische Werkstoffe (Professur fir Glas), Technische Universitat Clausthal, Clausthal-Zellerfeld (Germany)

The topography and nanostructure of several technical borofloat and soda-lime-silicate float glasses were investigated by a high-
resolution atomic force microscope (AFM). The irregular ripple pattern to be seen on as-received atmosphere and tin bath side
surfaces had an average diameter of =~ 60 nm, heights < 1 nm and root mean square (rms) roughnesses on (I X 1) pm? images of
< 0.25 nm. Topographies obtained in the mirror region of fracture surfaces displayed a somewhat coarser nanostructure. It could
further be assured that there are no specific differences between the interior and the edge of the float glass sample. Inhomogeneities
like precipitates, crystals, phase separation or pores are not caused by the in-diffusion of tin into the float glass. After annealing the
float glasses in air, several of them showed the already long known phenomenon of bloom, a greyish haze produced by a wrinkling
of the tin bath glass surface. The borofloat glasses did not produce bloom under any condition. The same was true for the Fe,Os-
rich green and blue glasses. Depending on sample dimensions and annealing conditions only the Fe,Os-poor clear float glasses
developed a pronounced bloom effect. It is known that annealing of the glasses in air causes an oxidation of Sn>* to Sn**, which
acts as a network former. This causes a change in glass properties near the surface. However, the precisely measured in-depth profiles
of all relevant species in the nanometer and the micrometer regions of the float glasses showed that only in the case of the Fe,Os-
poor silicate float glasses a reversed Sn?* diffusion from the interior to the surface is caused by the air annealing, forming a very
high and steep tin (Sn**) enrichment in a superficial layer with a thickness between 50 and 150 nm.

In analogy to thin film technology a simplified model was developed and a free buckling length of =~ 2.3 pm was estimated for
the bloom surface, which is in reasonable agreement with the experimental finding. It was further shown that a sol-gel derived SiO,
coating of the bloom surface could enhance the optical transmission of the glass considerably.

1. Introduction During recent years the interaction of float glass
melts with the tin bath melt has been studied extensively
especially with regard to questions how the tin pen-
etrates the glass melt, how the glass properties are
changed, and which is the origin of the anomalous tin
hump several micrometers below the glass surface, e. g.
[1 to 7]. A further consequence of the tin penetration
can result in the phenomenon of bloom, a greyish haze
which occurs on several glasses after reheating. It has

Float glasses are produced world-wide in huge amounts
and are among the most important technical glasses.
They are prepared by floating silicate or borosilicate
glass melts on a tin melt in a specially designed float
chamber. Float glasses have two quite dissimilar sides.
At the tin bath side the performance of the glass surface
is mainly determined by the tin ions which have diffused

into the glgss in contact with the molten tin. At. the at- been shown that this haze is produced by a microscopic
mosphere side, on the other 'hand, the. sgrface is melt- wrinkling of the tin bath surface of the glass, obviously
formed (fire-polished) and displays pristine nature. Of related to the oxidation of Sn2* to Sn** [8 and 9.
course, both sides can be altered during further handling

and/or storage. It was the aim of this work to carefully study possible

changes in topography and nanostructure which occur
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2002. glasses were fractured to be able to find the possible for-
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Table 1. Some analytical aspects of the commercial float glasses investigated

OW0017 ~ OFO0IIS ~ DOI30  0G060S V1800 BGOS60  BF0022  BF0020

Fe,0; in wt% 0.017 0.115 0.13 0.605 1.80 0.560 0.022 0.020

SO, in Wt% 0.239 0.228 0.188 0.22 0.005 0.001 0.001
Fe2* )

e B% 83 242 23.9 26.1 60.0

ied, too. A high resolution atomic force microscope
(AFM) was applied for these investigations.

2. Experimental
2.1 Samples

Eight commercial float glasses with a thickness of 4 mm
were investigated. Six of them were soda-lime silicate float
glasses with Fe,O; contents ranging from 0.017 to
1.80 wt% and the two others were floated borosilicate
glasses having Fe,0; contents of = 0.02 wt%, see table 1.
The samples were cleaned by brushing them with a nylon
brush in hot water with mild surfactants and rinsed with
deionized water. After that the samples were further
cleaned for 5 min in an ultrasonic bath with ethanol. To
prepare fresh fracture surfaces the float glass sheets were
cut into strips of 8§ mm width, notched by sawing them
gently and fractured perpendicularly to their length.
These samples were stored in a desiccator. To produce
samples which distinctly show the bloom effect, glass
pieces with differing dimensions between (5 X 5) mm? and
(100 X 100) mm? were annealed in air at 650 to 690°C
with holding times between 0 and 1 h. Heating rates were
10 K/min.

To investigate the influence of a sol-gel coating on a
sample which displays a distinct bloom effect, a clear
float glass (0.13 wt% Fe,05) was heated first to 670°C
for 1 h. After cooling the glass sample was dipcoated in
a solution of tetraethoxysilane, ethanol, H,O, and
1 mol/l HNO; [10] with an oxide content of 6.5 %. An
SiO, layer of = 100 nm thickness was then achieved by
heating the coated sample to 500°C.

2.2 Methods of analysis

The topographies of the float glass samples prepared as
above were investigated using a Nanoscope II atomic
force microscope (Digital Instruments, Santa Barbara,
CA, USA) with a maximum scan size of (100 X
100) pm? and maximum heights in the z-axis of = 6 ym.
The contact mode was applied. Si;N, and silicon tips
(Digital Instruments) were used as sensors. The SizNy
tips have nominal spring constants of ~ 0.12 N/m and
those of the silicon tips are between 0.02 and 0.1 N/m.

Flat samples were fixed on a sample holder with a
double-sided adhesive tape, non-flat samples were em-
bedded in plasticine with the surface of interest parallel
to the scanning plane. The lateral resolution achievable
on these glass surfaces is = 5 nm [11].

Tin in-depth profiles were recorded on different float
glasses by using the secondary neutral mass spec-
trometry method (SNMS). An INA 3 apparatus (Ley-
bold AG, Koéln, Germany), working in the high fre-
quency mode (Specs GmbH, Berlin, Germany), was
used. Details of this technique can be found in [12].

Optical transmission spectra were recorded with an
OMEGA spectrophotometer (Bruins Instruments, Puch-
heim, Germany).

3. Results and discussion

3.1 Topography of as-received and fracture
surfaces

Figures la and b display typical AFM images of the
atmosphere side (a) and the tin bath side surfaces (b),
respectively. The patterns to be seen consist of irregular
ripples with diameters between 10 and 100 nm, on an
average of =~ 60 nm. The height of the ripples is <1 nm,
some of them are twice as high as the others. The (1 X
1) um? rms (root mean square) roughness (all recorded
rms roughnesses are related to this scan area) of the at-
mosphere side surface is = 0.25 nm, a little larger than
that of the tin bath surface with 0.15 to 0.20 nm. The
surfaces of the borofloat glasses are a little smoother
than those of the soda-lime float glasses. Altogether, the
ripple patterns found are in line with earlier results [11].

Of course, both the atmosphere and the tin bath side
surfaces display sporadically also particles, dendritically
grown crusts, wiping tracks and/or indentations from
glass fragments or crystals. These particles and crusts
are not typical and can partly also be moved on the sur-
face by the scanning tip. They are probably haze and
corrosion products [1 and 13].

The AFM images of figures 2a to d show for com-
parison four different fracture surfaces. All images were
taken in the fracture mirror, the smoothest part of the
fracture surface [14]. In figure 2a a typical example of a
soda-lime float glass fracture surface from the interior
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Figures 1a and b. AFM height mode images of as-received float
glass surfaces; a) atmosphere side, b) tin bath side.

of the glass is to be seen. The diameters of the ripples
are between 80 and 140 nm and their heights lie between
1 and 2 nm. The rms roughnesses amount to 0.6 to
0.8 nm and are 3 to 4 times higher than those of the as-
received surfaces. There are also better resolved images
with ripple diameters of 60 to 80 nm. Figure 2b shows
the image of the fracture surface of a borofloat glass.
The dimensions are similar as before with ripple diam-
eters between 50 to 80 nm and ripple heights of 1 to
2 nm.

Figure 2c displays an AFM image of the fracture
surface at the edge of the sample to the tin bath side. The
ripples have diameters between 50 to 80 nm and their
maximum heights amount to 2.5 nm. From figures 2a
and ¢ one can conclude that the glass investigated is
equally homogeneous not only in its interior but also
at the edge and inhomogeneities like precipitates, phase
separation, crystals or pores are not caused by the in-

diffusion of the tin into the float glass. It is a general
finding that the glass ripple patterns imaged on fracture
surfaces do not show specific differences between the in-
terior and the edge of float glass samples, irrespective
which type of glass is investigated. For comparison fig-
ure 2d displays an AFM image of a fracture surface of
the commercial product with trade name K-glass, whose
heat-insulating effect stems from a mostly crystalline
SnO, coating = 350 nm thick, on the float glass. Such a
coating is clearly distinguished from the adjacent glass
ripple pattern. Recently small SnO, precipitates (= 1 nm
in diameter) have been reported to be present near the
very surface of float glass (tin bath side) after annealing
it under oxidizing conditions [15]. This phase separation
process was caused by Sn>* diffusion from the interior
of the glass to the surface, which did not occur during
annealing in argon atmosphere. Such precipitates are too
small to be detectable by an air-operated AFM [11].

Figure 3 shows a series of AFM images of a fracture
surface of a float glass sample with a sequence of in-
homogeneities. The tin bath side is at the right hand side.
Near the tin bath surface a region with gross inhomo-
geneities, each of them with a diameter of 250 to 400 nm
and = 55 nm height, can be seen. The rms roughness of
this area is =~ 13.5 nm. Going further into the interior
of the sample, one finds at a depth of 10 to 15um a
large number of smaller inhomogeneities, see the respect-
ive (5 X 5) pm? magnified images. Their diameters lie be-
tween 150 to 200 nm and their heights are = 5 nm. The
rms roughness is = 2.1 nm. At a depth of about 20 um
most of the inhomogeneities to be seen reach the sizes
of the glass ripple pattern and can only be distinguished
from it because of their more distinct shapes. Their rms
roughness of 0.94 nm is only a little higher than that of
the surrounding glass ripple pattern with 0.77 nm. In-
homogeneities like those shown in figure 3 occur spor-
adically also on fracture surfaces of other float glass
samples, near the edges of both the tin bath and the
atmosphere sides and also in the interior of the glass
samples. They obviously do not result from an interac-
tion between the glass melt and the tin melt. To learn
more about their origin further specific work is neces-
sary.

Freshly prepared float glass fracture surfaces react
within minutes e. g. with the water vapor of the air. Thus
also some typical corrosion products were found, similar
to those obtained after specific corrosion experiments in
moist atmospheres or in aqueous solutions [13, 16 to 18].

Glass surfaces inspected with an AFM are never tot-
ally smooth, although the method is capable to image
smooth parts on distinct crystal surfaces [11]. Rédlein
[11 and 19] and also Gupta et al. [20] discussed the ori-
gin of this nanoscale roughness. Gupta et al. [20] pro-
posed that the minimum observed nanoscale roughness
of a pristine melt-formed surface is controlled by the
surface tension at the glass transition temperature 7,
and that the roughness in the mirror region of a fracture
surface reflects the intrinsic inhomogeneities in the
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Figures 2a to d. AFM height mode images of fractured float glass surfaces; a) glass V1800 (interior), b) borofloat glass, ¢) glass
V1800 (edge at the tin bath side), d) commercial heat insulating K-glass at the edge to its crystalline SnO, coating.

structure of the glass. According to Ridlein [11 and 19],
who also listed the results obtained so far on a variety
of different glasses by different authors, further reasons
might be responsible for the glass ripple pattern ob-
served. One model, explaining the occurrence of a ripple
pattern, can be related to a nonuniform absorption of
OH groups at the glass surface [19]. This model was de-
veloped initially for silica glass but it may equally be
valid for other oxide glasses. Glass surfaces may contain
hydrophilic and hydrophobic regions. Hydrophilic re-
gions absorb OH groups and these then adsorb H,O
molecules via hydrogen bridges. Hydrophobic regions do
not react either with OH groups or with water molecules.
The scanning tip thus finds these dissimilar regions and
images a ripple pattern. An estimation displays that the
diameters of these ripples, “seen” by the tip, can be
=50 nm, in close agreement with the experimental find-

ings [19]. Of course, further explanations may also be
valid for the glass ripple pattern.

Rédlein et al. [21] found ridges at the edges of a float
glass fracture surface at the tin bath side. Similar ridges
have been found occasionally also during this work both
at the tin bath and the atmosphere sides of the glass.
They obviously can be interpreted as a fracture phenom-
enon.

3.2 Topography of bloom surfaces

As already mentioned, the phenomenon of bloom is ob-
viously related to the oxidation of Sn®>* to Sn** during
reheating of float glasses in air, whose “tin count™ (de-
termined by X-ray fluorescence spectrometry) is higher
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Figure 3. Sequence of AFM height mode images of various sections of a fracture surface of glass OG0605 from the edge of the tin
bath side to a depth of 45 pm into the glass (from right to left) and several enlarged zooms below.

than a distinct value [8 and 9]. This Sn** acts as a net-
work former in the glass structure [22], changing the
glass properties in a superficial layer. Thus, for example,
the thermal expansion coefficient « is decreased and the
viscosity # increased in the melt state, whereas the glass
transition temperature 7, is also increased. As a conse-
quence, a wrinkling of the tin bath glass surface may
occur, producing the greyish haze.

Figures 4a and b show AFM images of float glass
surfaces with bloom. Figure 4a displays the bloom on
the float glass D0130 of 4 mm thickness which has been
annealed as a (100 X 100) mm? sheet for 1 h at 670°C,
followed by a cooling with the natural furnace rate. The
wave pattern produced at the surface is irregular, has a
wavelength of = 3 pm and shows an rms roughness of
65 to 75nm. A glass sample with the dimensions of
(5% 5) mm? showed a similar wave pattern, however,
with a smaller rms roughness of 50 to 60 nm. On the
other hand, a rectangular sample with the dimensions of
(20 X 100) mm?, which had been annealed simul-
taneously with the other samples, yields two texturized
orthogonally arranged wave patterns in the interior, see
figure 4b. The wavelength of the pattern in x-direction
is = 2.4 um, whereas that in y-direction is ~ 13.4 pm.
The wave pattern at the edge still is texturized, however,
there is only one type of wave present parallel to the
edge of the longer side with a wavelength of ~ 3 um.
Moreover, there is also a strong influence of the tem-
perature/time regime on the occurrence of bloom. Re-

ducing the holding time at 650°C from 1 to 0.5 h yields
a surface whose roughness is only half of that at the
longer time, and a very rapid cooling after 0.5h or a
heating to 650°C only, followed by a cooling with the
natural furnace rate, resulted in no bloom at all [10]. An
annealing under reducing conditions did not yield
bloom, similar to what had been found earlier [1, 23
and 24].

The borofloat glasses investigated did not show
bloom, which coincides with the findings of Schneider
et al. [25]. Within this work bloom could be evidenced
only on the surfaces of the white soda-lime silicate float
glasses with a low Fe,Os content (OW0017, OF0115,
DO0130, see table 1), whereas the green (OG0605, V1800)
and blue (BG0560) float glasses with higher Fe,O5 con-
tents did not develop bloom under any condition. Willi-
ams et al. [9] reported a similar tendency, and this cir-
cumstance was also confirmed from an industrial point
of view [26]. How can this be explained?

Within the joint-laboratory project “Tin in float
glass” we precisely measured the in-depth profiles of all
relevant species in the nanometer and the micrometer
regions of different float glasses [7] and also the in-depth
profile of the Sn?*/Sn** ratio [27]. One important result,
described in detail in [28], shows that the tin in-depth
profiles of the float glasses investigated are quite differ-
ent in the first 100 nm from the surface. Whereas the
silicate float glasses with low Fe,Os; contents display
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Figures 4a and b. Float glass D0130 showing bloom after an-
nealing for 1 h at 650°C in air; a) AFM height mode image in
the middle of a (100 X 100) mm?2 sized sample, b) AFM height
mode image in the middle of a (20 X 100) mm? sized sample.

SnO, surface concentrations up to 7 wt% and a steep
gradient in these profiles, the SnO, profiles of the boro-
float and the silicate float glasses with high Fe,O5 con-
tents have lower surface concentrations (< 2.4 wt%) and
a much smoother decrease from the surface to the bulk.
After annealing these float glasses in air this tendency
becomes even stronger. Thus, for example, the SnO, con-
centration of the Fe,O5-poor silicate float glass OW0017
is increased from =~ 6.2 to = 29 wt% at its maximum
30 nm below the surface after annealing for 1 h at 650°C
in air. This also makes the SnO, gradient near the sur-
face very steep. On the other hand, the mentioned an-
nealing step smoothens the SnO, profile of the Fe,Os-
rich V1800 float glass [28]. Similar results are expressed

by figure 5, which shows tin profiles of the other float
glasses after annealing for 1 h at 650°C. The analyses
by secondary neutral mass spectrometry (SNMS) were
obtained under similar conditions to those reported in
[28]. Thus, one can conclude that during annealing in air
a tin species is forced to diffuse from the interior to the
surface in the case of the silicate float glasses with low
Fe,O; contents, whereas a diffusion process in the op-
posite direction obviously takes place in the case of the
glasses with the high Fe,O; contents.

When a glass melt, which has been prepared under
oxidizing conditions, enters the strongly reducing float
chamber, a very strong and rapid change occurs in its
oxidation state near the surface. At the tin bath side this
causes the redox process [7]

2Fe* 4+ 30?7 + Sn® < 2Fe** 4+ 20%” 4+ SnO. (1)

The Fe?* ions produced in this way enable the penetra-
tion of Sn>" ions into the glass melt by an ion exchange
process. Since the total number of Fe>" ions is very low
in the case of glass OW0017, only a small part of these
Sn?* ions can diffuse into the glass. As a consequence a
steep tin (mainly Sn>*) gradient is formed near the sur-
face. In the case of glass V1800 the total number of Fe>*
ions is high. This enables a far-reaching penetration of
Sn>* ions into the glass melt. A gradient in tin concen-
tration does not occur near the surface, however, this
glass tends to form an anomalous tin (Sn*") hump in
the micrometer region [7].

When glass OWO0017 is annealed in air, most of the
Sn>* ions near the surface are oxidized to Sn** and a
Sn?* depletion occurs there. This now causes an op-
posite gradient in the Sn>* concentration with the conse-
quence of a reversed Sn>* diffusion from the interior to
the surface. When reaching the surface region these Sn>*
ions are also oxidized to Sn**, finally forming a very
high and steep tin (Sn**) hump near the very surface.
Since the Sn** ions act as network formers in the glass
structure [22], they are highly immobile. When glass
V1800 is annealed in air, the Sn>" ions near the surface
are also oxidized to Sn**. However, the concentration
of Sn?* ions there is low and there is also no steep gradi-
ent. Moreover, since also the Sn*" hump in the mi=
crometer region is formed, obviously most of the Sn’"
ions are trapped there as Sn*" and a specific tin en=
richment near the surface is unlikely. A tin diffusion pro-
cess from the interior to the surface was also found by
[1, 15 and 24].

The other silicate float glasses behave during floating
and air annealing in accordance with their Fe,O5 con-
tents. Thus the glasses OF0115 and D0130 display the
formation of bloom but a micrometer tin hump cannot
be observed. The green glass , OG0605 shows —despite
its high Fe,O; content of 0.605 wt% = a tin profile simi-
lar to the tin profiles of the low Fe,O; float glasses [28].
However, after an appropriate annealing of this glass in
air its tin profile is smoothened similar to the profiles in
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the other float glasses with high Fe,O; contents. Bloom
is not formed but the glass displays the tin (Sn**) hump
in the micrometer region [7]. Obviously also in this case
most of the Sn?* ions diffuse into that part of the glass
and are trapped there as Sn*' ions. The blue glass
BGO0560 has been manufactured under reducing con-
ditions, which means that most of the iron ions are pre-
sent as Fe?" from the very beginning (see table 1). Sn2*
ions thus can diffuse far-reaching into the glass melt and
a steep tin gradient does not form at the surface [28].
Bloom is therefore not formed there and a tin (Sn*")
hump in the micrometer region has also not been found.
For its formation a certain concentration of Fe3™ ions is
necessary, which is not the case in this float glass melted
in reducing conditions [7].

3.3 Model for the bloom effect

The experimental results described lead to the follow-
ing conclusions:

— Using the Appen method [29] one can calculate a
thermal expansion coefficient « of 9.2-107¢ K~! for
the interior of the Fe,Os-poor float glass OW0017.
Taking into account the SnO, content of 6.5 wt% at
the bath side, one obtains an « value of 8.9-10 ¢ K~!
for a superficial glass layer of 75 nm thickness. After
annealing this glass for 1 h at 650°C in air, one ob-
tains under the condition of an average SnO, content
of 22.4 wt% an « value of 8.0-10° K~! for a surface
layer of 60 nm thickness. Thus the difference in the
thermal expansion coefficients Aa between interior
and surface increases from 0.3-107° K~! in the case
of the as-received to 1.2:107°K ™! for the air-an-
nealed float glass.

in air.

= For the Fe,Os-rich glass V1800 a similar estimation
leads to an « value of 9.6:107¢ K~! for the interior
and to « of 9.5-107¢ K~ for the surface region with
2.2 wt% SnO,. For this glass A« is nearly negligible
between surface and interior.

Similar conclusions can be drawn for the Fe,O5-poor
float glasses OF0115 and D0130 with a high mismatch
in thermal expansion between surface and interior and
for the Fe,Os-rich glasses OG0605 and BG0560 where
the thermal expansion does not change much.

There are some papers displaying similar arguments.
Thus Deubener et al. [30] prepared model glasses com-
parable to float glass containing 5 wt% SnO,/SnO under
oxidizing and reducing conditions, respectively. The T,
values of these glasses were 586 and 576°C and the «
values at 350 to 500°C were 10.7-107®K~' (oxidized
glass) and 11.3-107¢ K~! (reduced glass). The authors
concluded that in the case of a real float glass the SnO-
containing bulk glass contracts more than the oxidized
predominantly SnO,-containing surface layer, which
then leads to the formation of bloom by a wrinkling of
the surface at temperatures near 7,. Le Bourhis [31] also
prepared a model glass with 12.9 wt% SnO, and ob-
tained an « value of 8.3-107¢ K~! at 20 to 300°C. For a
standard SnO,-free soda-lime-silicate glass he measured
8.9-107¢K~!. Both the viscosities and the T, values
were higher for the SnO,-containing glass, too, and the
Young’s moduli E amounted to 78.8 and 71.5 GPa. Pois-
son’s ratios 4 were obtained to be 0.22 and 0.21, respec-
tively. Williams et al. [9] also determined higher viscos-
ities and T, values at the float glass surface compared
to the bulk glass.

Le Bourhis [31] used the data determined to estimate
the stress o, obtained during a temperature change AT
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where ¢ is a prefactor of this transient or residual
stresses, and obtained ¢ = 0.83 MPa/K for the SnO,-
containing and 0.80 MPa/K for the SnO,-free glass, with
A = 0.03 MPa/K. Applying a calculation method used
in thin film technology [32], one obtains

or = Eﬁlm ) (aﬁlm = asubstrate) VAT (3)
with
A(p = Efijm (aﬁlm = asubstrate) 4)

for Le Bourhis’ glasses Ap =~ 0.05 MPa/K, in reasonable
agreement with the just calculated value.

Applying equation (4) to glass OWO0017 and using
Le Bourhis’ E values, one obtains Agp = 0.02 and
0.09 MPa/K for the as-received and the air-annealed
float glasses, respectively. With equation (3) one gets for
a temperature difference of AT = 500 K a stress value
at the surface of =~ 10 MPa for the as-received and
=~ 45 MPa for the air-annealed float glasses. Since the
compressive strength of normal glasses is around
1000 MPa and the tensile strength around 100 MPa [33],
a failure of the glass during cooling or even a spalling
between interior and surface is not yet to be expected.

A further aspect to be considered with respect to the
occurrence of bloom is the low thickness of the high-
SnO, containing superficial layer of the glass. De-
pending on the conditions of the thermal treatment in
air it lies between about 50 and 150 nm only. In our opi-
nion this plays an important role related to the buckling
of the surface layer, which is not a stress but a stability
problem [34]. A component may fail even if the stress
does not surpass its strength.

One can calculate the free buckling length / for the
simplifying conditions:
a) the SnO,-containing superficial layer is treated inde-
pendently of the bulk of the glass and the main buckling
forces are parallel to the surface;
b) the free clamping length is identical to the free buck-
ling length / (elastic buckling or Euler case);
c¢) the critical buckling stress ok is taken as 45 MPa, as
estimated for the glass OW0017;
d) the layer thickness ¢ is set to 60 nm as obtained for
glass OW0017;
e) the E value of 78.8 GPa is taken according to Le
Bourhis [31] for the SnO,-containing glass.

Then one gets
- E
=3 (5
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Figure 6. Comparison of optical transmission of an as-received
glass, a glass showing bloom at the surface, and a glass with an
SiO, sol-gel coating on the bloom surface.
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Inserting the data yields an estimate for the free buckling:
length / = 2.3 um. This value is in reasonable agreement
with the experimental data, see section 3.2. The bloom
amplitudes of the surface waves between 50 to 250 nm
are also not unreasonable compared to the layer thick-
ness of 50 to 150 nm.

The ok value of 45 MPa for glass OW0017 was ob-
tained for AT = 500 K. That means that the buckling of
the glass occurs at temperatures < T, too. However,
since the layer in concern has a thickness of several
10 nm only, this seems also not unreasonable.

In conclusion, bloom is expected to occur on Fe,O5-
poor glasses only, where after annealing in air a high-
SnO, enriched surface layer exists. Fe,Os-rich glasses do
not fulfil the conditions necessary for a buckling of the
glass surface as described.

3.4 Coating of bloom surfaces

A DO0130 glass substrate with the dimensions (100 X
100) mm? was annealed for 1 h at 670°C (heating rate
10 K/min) and then cooled with the normal cooling rate
of the furnace. The glass surfaces showed a pronounced
bloom effect with an rms roughness of ~ 75 nm and
maximum height difference R,., = 350 nm. As de-
scribed in section 2.1, this glass substrate was coated by
an SiO, sol-gel coating using the dip-coating technique
[10]. The withdrawal speed was 1 mm/s. The coated
sample was heated at 8 K/min to 500°C and then cooled
without further annealing. The coated part of the sub-
strate showed an rms roughness of = 40 nm and an R,
< 300 nm. Figure 6 displays a comparison of the optical
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transmission spectra in the wavelength region between
300 and 820 nm. At 550 nm the as-received float glass
shows a transmission of = 92 %, whereas that of the
glass surface with bloom is decreased to ~ 65 %. The
SiO, sol-gel coating, which on the one hand fills up the
surface waves but possibly also acts as an antireflection
coating [35], increases the transmission to =~ 85 %. Opti-
mization of the sol-gel coating possibly might further
enhance the transmission.

4. Conclusions

Eight commercial float glasses were investigated, two
borofloat and six soda-lime-silicate float glasses. With
high-resolution AFM the irregular ripple pattern of the
as-received atmosphere and tin bath side surfaces were
measured as well as also the topographies of fracture
surfaces. Inhomogeneities like precipitates, crystals,
phase separation or pores, caused by the in-diffusion of
tin into float glass, could not be evidenced. After an-
nealing the float glasses in air several of them showed
bloom, which produces a greyish haze. The borofloat
glasses and the silicate float glasses with a high Fe,O3
content (> 0.5 wt%) did not develop bloom, whereas the
Fe,O5-poor glasses displayed — depending on sample
size and annealing conditions — a pronounced bloom
effect. In-depth analysis of the glasses showed that in the
case of the Fe,Os-poor silicate float glasses a reversed
Sn2* diffusion from the interior to the surface occurs,
forming there a very high and steep tin (Sn**) hump. In
analogy to thin film technology a simplified model was
set up and a free buckling length of = 2.3 pm could be
estimated for the bloom surface. This value is in reason-
able agreement with the experiment. A sol-gel-derived
SiO, coating on the bloom surface enhanced the optical
transmission of the glass considerably.
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