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Cation concentration profiles in float glass surfaces during corrosion
in aqueous solutions
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The chemical composition of the thin surface layer of float glass is not homogeneous with respect to the concentration of some
cations. This inhomogeneous cation distribution significantly changes if the glass surface comes into contact with aqueous solutions.
Using ESCA significant changes in the distribution of magnesium and sodium cations were found on the “top” surface of float
glass in static corrosion environment. The magnesium concentration increases in the thin surface layer, while sodium concentration
decreases almost to zero. The relative amounts of calcium, silicon and oxygen appear to be nearly the same both in the original and
the corroded surface layer. The change of magnesium and sodium concentrations as well as an electron micrograph of the glass
surface indicate damage and hydration of the “top” surface layer of float glass.

The distribution of the elements does not show any significant change if corrosion proceeds in streaming water. Consequently,
total dissolution of the basic glass network built by silicon and oxygen atoms appears to be the fundamental process in this case.

Kationenkonzentrationsprofile in Floatglasoberflichen wahrend der Korrosion in waBrigen Lésungen

Die chemische Zusammensetzung der Oberflachenschicht eines Floatglases ist in bezug auf die Konzentration der Kationen inhomo-
gen. Diese inhomogene Kationenverteilung dndert sich deutlich, wenn die Oberfliache in Kontakt mit wéBrigen Losungen kommt.
Erhebliche Verdnderungen der Magnesium- und Natrium-Kationenverteilung wurden auf der Atmosphirenseite des Floatglases in
statischer Korrosionsumgebung mit Hilfe der ESCA-Methode gefunden. Die Magnesiumkonzentration nimmt in einer diinnen
Oberflachenschicht zu, wihrend die Natriumkonzentration auf anndhernd Null sinkt. Die relativen Mengen an Calcium, Silicium
und Sauerstoff in der urspriinglichen Oberflachenschicht scheinen denen in der korrodierten Schicht etwa gleich zu sein. Die Ande-
rung des Magnesium- und Natriumgehaltes sowie eine elektronenmikroskopische Aufnahme der Glasoberfliche weisen auf die
Bildung einer geschédigten und hydrolysierten diinnen Oberflachenschicht hin.

Die Elementverteilung zeigt keine wesentliche Verdnderung, wenn die Korrosion in stromendem Wasser verlduft. Demnach

scheint die vollstindige Auflosung des aus Silicium- und Sauerstoffatomen aufgebauten Glasnetzwerkes der bestimmende Schritt in
diesem ProzeB zu sein.

1. Introduction etching to determine tin oxidation states on the under-

side of float glass and found that tin is present in the

The chemical composition of surface layers of float glass
differs from the “bulk” composition [1]. The main differ-
ence is mainly caused by the tin content in the surface
layers created by contact with molten tin (tin or “bot-
tom” side) [2]. The relatively high content of tin in the
glass surface layer is responsible for the increased chemi-
cal durability of this surface [3 and 4]. The opposite side
therefore (i.e. the “top” side) from the point of view of
float glass corrosion appears to be a limiting factor.

Concentration changes in glass surface layers caused
by glass corrosion can be detected by determination of
concentration profiles of some elements. Experimental
data on the concentration distribution of some elements
in corrosion surface layers of model glasses have been
published by Richter [5] and Sprenger [6]. Recently, Ya-
manaka et al. [7] had measured concentration profiles in
the “bottom” glass surface layer of float glass. Luo Jie
et al. [8] used XPS analysis associated with argon ion
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+4, +2 and 0 valence states.

The aim of this work is to extend the published data
by determination of the concentration distribution of
some elements in the “top” surface layers of float glass
after corrosion by water at static and dynamic con-
ditions. The knowledge of concentration profiles can
contribute to a better understanding of the corrosion
mechanism, especially with respect to the formation of
a damaged surface layer on the “top” side of float glass
in static and streaming aqueous solutions.

2. Experimental methods

A 4 mm thick float glass sample, provided by Glav-
union, Teplice (Czech Republic), was used to study glass
corrosion by means of static and dynamic corrosion tests
in water. The S/V (i.e. surface of glass to water volume)
relation amounts to 0.1 cm™~! independent of the cor-
rosion test applied. The static corrosion test consists of
the treatment of the glass sample in 70 ml distilled water
(initial pH value = 5.5) at a temperature of 95°C for
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Figure 1. Concentration profiles of elements in the surface layer
(“top” side) of the original float glass. Theoretical concen-
trations (in atom%) of bulk glass: 25.3 Si, 60.3 O, 3.0 Ca,
2.0 Mg, 9.3 Na.
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Figure 2. Concentration profiles of elements in the surface layer
(“top” side) of the float glass after static corrosion test (11 d,
95°C). Theoretical concentrations (in atom%) of bulk glass:
25.3 Si, 60.3 O, 3.0 Ca, 2.0 Mg, 9.3 Na.

11 d. The glass samples (length: 2.2 cm, width: 1.0 cm)
were fixed in a vertical position and placed in a poly-
ethylene cylindrical vessel. A Soxhlet extractor with a
70 ml leaching overflow chamber, 250 ml boiling flask
and reverse cooler (all chemically resistant Simax glass)
has been used in the dynamic test. The volume of
distilled water (initial pH value = 5.5) in the flask
amounted to 200 ml. The glass sample was treated at the
same temperature and time as in the static test.

Concentration profiles of some elements in a thin
surface layer of the “top” glass surface before and after
the corrosion test were determined by Electron Spectros-
copy for Chemical Analysis (ESCA). The problems of
chemical analysis of glass surfaces were recently treated
by Pantano [9]. The experimental procedure used in that
work was described in detail previously [10]. Determi-
nation of concentration profiles was based on the assess-
ment of silicon, oxygen, sodium, calcium and mag-
nesium spectra at different distances from the glass sur-
face. Ionic etching by argon was used to remove very

thin layers of glass. Photoelectronic spectra were meas-
ured by means of the ESCA 3 MKkII (VG Scientific)
spectrometer using the AIK, line (hv = 1486.6 eV). The
pressure of the remaining gas in the sample chamber was
1077 Pa. The voltage of 11.5kV and the current
of 20 mA were applied in the X-ray lamp used. The
enter slit diameter was 4 mm and the passing energy
Epass = 50 eV. The photoemission lines of O(ls), Si(2p),
Ca(2p), Na(ls) and the Auger line of Mg(K;L,3L,3)
were used for quantitative analysis. The concentration
profiles of the elements were obtained by Ar™ ions beam
etching. The energy of the Ar™ ions beam was 4 eV and
the pressure of argon in the preparatory chamber was
4-107%Pa. The error of the concentration determi-
nation was estimated to be ~15%. The element concen-
trations in the surface layer (except magnesium) were
calculated by determination of peak area and using pho-
toionization cross-sections according to Scofield [11].
The magnesium concentration was calculated using the
intensity of the Mg(K;L,3L,3) Auger line. The concen-
tration values calculated were corrected using a correc-
tion factor determined by MgO reference measurement.
The Ca(2p) peak area was diminished by subtraction of
the contribution of the Auger magnesium line. The
modified program originally described by Hughes and
Sexton [12] was used for fitting and concentration calcu-
lations. Binding energy values (in eV) were related to the
Si(2p) energy value (102.80 eV), and so the influence of
static charge was regarded.

Using an electron microscope (JEM 100B, JEOL,
Tokyo (Japan)) a picture of the glass surface layer after
corrosion was obtained. The glass surface of the sample
studied was coated by a gold layer in vacuum and in-
vestigated while applying acceleration voltage of 40 kV
at the angle of 40°.

3. Results and discussion

Concentration profiles of some elements in a thin sur-
face layer of the original float glass (“top” side) are de-
picted in figure 1. The original glass surface consists of
a glass with undisturbed structure built by silicon and
oxygen atoms. A lower content of calcium and mag-
nesium was found in a very thin layer (up to 40 nm),
while the zone with lower content of sodium displays a
substantially greater thickness (of a hundred nanome-
ters).

The basic glass structure built by silicon and oxygen
atoms is not substantially changed by corrosion under
static conditions (figure 2). More extensive changes were
found in the case of magnesium and sodium distri-
bution, which substantially changed in comparison to
the original distribution. The changes were detected in
the 360 nm thick surface layer. This relatively thick layer
consists of silicon and oxygen atoms with an inhomo-
geneous distribution of magnesium concentration which
increases towards the glass surface. The concentration of
the most movable cations in this surface layer, e.g. Na™,
appears to be negligible. This is in accordance with the
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generally accepted assumption of preferential extraction
of sodium ions from glass verified by many authors, re-
cently by Richter et al. [5].

Considering that this layer practically does not con-
tain any alkali ions, its chemical composition depends
on the mutual relations of magnesium, calcium, silicon
and oxygen concentrations. Using concentration values
of these elements at the phase boundary between glass
and corrosion medium the following relation can be
written:

Mg:Ca:Si:O = 16:3:22:59 .

Taking into account corresponding average concen-
tration values (“bulk” composition), this relation is as
follows:

Mg:Ca:Si:O = 2:3:25:60 .

The comparison of these two relations shows nearly the
same relative values of calcium, silicon and oxygen in
the original and in the corroded surface layer.

Increased concentration of magnesium in the surface
layer can be caused by back precipitation of Mg>* ions
released from glass into the corrosion solution. In such
a case an additional layer should be formed on the orig-
inal surface, probably consisting of magnesium and cal-
cium silicates or magnesium hydroxide, i.e. of com-
pounds with very low solubility in water. The pH value
in the solution during static test increased fast from the
initial value 5.5 to 8.5 and was approximately constant.
The maximum SiO, concentration in the solution was
209 ug-cm—3. Assuming the pseudocongruent dis-
solution of magnesium with respect to SiO,, the negative
logarithm of the Mg(OH), ion activity product defined
as

pI(Mg(OH),) = —lg(amg>+ - agy-) (1)

with @; = actual activity of ion i, was calculated. Its
value was about 10.9. The negative logarithm of the
solubility product pK(Mg(OH),) was found to be 8.5
[13]. That means the solution is undersaturated with
respect to Mg(OH),. The atomic relation Me:Si:O
(Me = magnesium, calcium) at the surface is near to the
relation 1:1:3 in MeSiO3. The pl values for CaSiOs
and MgSiO;

pI(MeSiO3) = —lg(ame>+ - asio3-) )

were calculated considering the H,SiO; dissociation
equilibria in the solution

H,Si0; = H* + HSiO3 . 3)
HSiO3 = H* + Si03~ . 4
Assuming the maximum SiO, concentration

209 pg - cm 3, the following pI values were calculated:
pI(MgSiO3) = 7.1, pI(CaSiO;) = 6.9. For the SiO, con-
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Figure 3. SEM micrograph of the glass surface (“top” side)
after corrosion under static conditions (11 d, 95°C).

centration 50 pg - cm ™3 representing the earlier stages of

interaction follows p/(MgSiO3) = 8.3, pI(CaSiO;) = 8.1.
The values pK(MgSiO3) = 43, pK(CaSiO3) = 10 were
calculated using thermodynamic data published by Paul
[14]. These values are valid for 25°C. They could be
smaller for 90°C but it is probable that the solution is
strongly supersaturated with respect to MgSiO; and
supersaturated with respect to CaSiO3. The assumption
of precipitation of silicates is in agreement with other
authors [15 and 16]. The glass-water interaction then
consists of the

a) Na™—H;O0 interdiffusion resulting in a gel-like layer
in the glass surface,

b) partial dissolution of the gel layer,

c) precipitation of MgSiO; and to smaller extent of
CaSiOj; on the glass surface,

d) diffusion of Mg>* ions through the gel layer towards
the bulk glass.

Another explanation is that the surface layer is cre-
ated by a partially damaged and hydrated silicate net-
work which may to some extent have a gel structure with
reabsorbed Me?" ions [17 and 18]. Figures 3, 4a and
b show a part of such a corrugated surface layer after
corrosion. The damage of the surface is not homo-
geneous and its intensity varies in different places. Mg?™
and Ca’" ions are concentrated in isolated particles
which are spread on the surface of the basic glass matrix
(figures 4a and b). The exact form in which magnesium
and calcium are bound in the damaged surface could be
better described if a molar composition of all com-
ponents in the surface layers were known. A similar
structure of the surface damaged by corrosion was also
reported by Lodding et al. [19].

Figure 5 represents the concentration distribution of

some elements in the glass surface layer exposed to
streaming water in a Soxhlet apparatus. In such a case,
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Figures 4a and b. X-ray images showing the distribution of two
different elements in the same area as in figure 3. (The white
spots indicate the location of the element.) a) Calcium, b) mag-
nesium.

the concentration profiles of elements after corrosion are
practically identical with the original ones. This
phenomenon can be explained by pseudocongruent dis-
solution of glass as a whole, characterized by a continu-
ous shift of the boundary between the glass and the cor-
rosion medium. Total dissolution of the basic silica glass
network built by silicon and oxygen atoms appears to
be a fundamental process during corrosion in streaming
water, while interdiffusion of alkali and hydrogen ions
does not substantially affect concentration changes.

4. Conclusions

Concentration distribution of sodium, calcium, mag-
nesium, silicon and oxygen atoms in a thin surface layer
of a float glass sample (“top” side) was investigated
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Figure 5. Concentration profiles of elements in the surface layer
(“top” side) of the float glass after corrosion test in the Soxhlet
extractor (11 d, 95°C). Theoretical concentrations (in atom%o)
of bulk glass: 25.3 Si, 60.3 O, 3.0 Ca, 2.0 Mg, 9.3 Na.

using ESCA. The original glass surface and also the sur-
face layer exposed to corrosion in aqueous solution were
studied by this method.

If the corrosion process proceeds in streaming water,
the distribution of elements does not show any signifi-
cant change. ’

In the case of magnesium and sodium especially cor-
rosion in a static aqueous solution causes some changes
in concentration distribution. Magnesium concentration
increases, while sodium concentration decreases practi-
cally to zero in a thin surface layer, the thickness of
which amounts to about 360 nm. The relative amount of
calcium, silicon and oxygen appears to be practically the
same both in the original and in the damaged glass sur-
face layer.

The magnesium and sodium concentration changes
as well as electron microscope investigations indicate for-
mation of a surface layer deteriorating the “top” side of
float glass exposed to static aqueous corrosion.

5. References

[1] Swift, H. R.: How surface chemistry affects float glass
properties. Glass Ind. 65 (1984) no. 5, p. 27—30.

[2] Verita, M.; Geotti-Bianchini, F; Hreglich, S. et al.: EPMA,
RBS and SIMS analyses of tin profiles in commercial float
glass. In: XVI International Congress on Glass, Madrid
1992. Vol. 6. Madrid: Soc. Esp. Ceram. Vid. 1992.
p. 415—420. (Bol. Soc. Ceram. Vid. 31-C (1992) 6.)

[3] Shelby, J. E.; Vitko, J. jr. Surface characterization of
weathered low-iron float glass. J. Non-Cryst. Solids 38&39
(1980) p. 631—636.

[4] Gao, M.; Zhang, Z.; Li, L. et al.: A study on resistivity
against water of tin-doped glasses J. Non-Cryst. Solids
80 (1986) p. 319—323.

[5] Richter, T.; Frischat, G. H.; Borchardt, G. et al.: Initial
stages of glass corrosion in water. Glastech. Ber. 63 (1990)
no. 10, p. 300—308.

[6] Sprenger, D.; Bach, H.; Meisel, W. et al.: XPS study of
leached glass surfaces. J. Non-Cryst. Solids 126 (1990)
p. 111-129.

10

Glastech. Ber. Glass Sci. Technol. 69 (1996) No. 1



Cation concentration profiles in float glass surfaces during corrosion in agueous solutions

[7] Yamanaka, H.; Yamashita, M.; Matsuoka, J. et al.: Depth
profiling by XPS for corroded glass. J. Non-Cryst. Solids
116 (1990) p. 286—288.

[8] Luo Jie; Xu Chao: XPS examination of tin oxide on float
glass surface. J. Non-Cryst. Solids 119 (1990) p. 37—40.

[9] Pantano, C. G.: Chemical and compositional analysis of
glass surfaces. Riv. Stn. Sper. Vetro 20 (1990) no. 6,
p. 123—135.

[10] Maryska, M.; Matousek, J.: Studium koncentracnich pro-
fila prvka v povrchovych vrstvach skel metodou ESCA.
Sklar Keram. 39 (1989) no. 4, p. 113—115.

[11] Scofield, J. H.: Hartree-Slater subshell photoionization
cross-section at 1254 and 1487 eV. J. Electron Spectrosc.
Relat. Phenom. 8 (1976) p. 129—138.

[12] Hughes, A. E.; Sexton, B. A.: Curve fitting XPS spectra.
J. Electron Spectrosc. Relat. Phenom. 46 (1988) p. 31—39.

[13] Maurer, C.; Clark, D. E.; Hench L. L. et al.: Solubility
effects on the corrosion of nuclear defense waste glasses.
Nuclear Chem. Waste Management 5 (1985) p. 193—201.

[14] Paul, A.: Chemical durability of glasses; a thermodynamic
approach. J. Mater. Sci. 12 (1977) p. 2246—2268.

Address of the authors:

J. Matousek, M. Maryska, A. Helebrant
Institute of Chemical Technology

Dept. Glass and Ceramics

Technicka 5, CZ-166 28 Praha 6

[15]

[16]

(17

(18]

(19]

Isard, J. O.; Miiller, W.: Influence of alkaline earth ions on
the corrosion of glasses. Phys. Chem. Glasses 27 (1986)
no. 2, p. 55—58.

Grambow, B.: Geochemical modeling of the reaction be-
tween glass and aqueous solution. In: Wicks, G. G.; Ross,
W. A. (eds.): Nuclear Waste Management. Columbus, OH:
The Am. Ceram. Soc. 1984. p. 474—481. (Advances in Ce-
ramics. Vol. 8.)

Matousek, J; Maryska, M.; Helebrant, A.: Distribuce
Na*-iontu v korozni vrstvé kfemiCitych skel. Sklaf Keram.
42 (1992) p. 388—390.

Barkatt, A.; Simmons, J. H.; Macedo, P. B.: Evaluation of
chemical stability of vitrification media for radioactive
waste products. Phys. Chem. Glasses 22 (1981) no. 4,
p. 73—-85.

Lodding, A. R.; Engstrom, E. U.; Zoitos, B. K. et al.: El-
emental depth profiling of nuclear waste glasses after two-
years burial in salt geology. J. Am. Ceram. Soc. 75 (1992)
no. 10, p. 2702—-2706.

Glastech. Ber. Glass Sci. Technol. 69 (1996) No. 1

11



