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Abstract Among the environmental factors affecting
glass weathering are humidity, exposure time, temper-
ature, and the presence of pollutants in the atmosphere.
Notwithstanding that theweathering produced depends
on numerous factors, the important weathering effect
of high humiditymay be specificallymitigated by using
a good chemical composition for the glass. To evalu-
ate this relationship, flat glass samples from three sup-
pliers were studied. The chemical composition of the
sampleswas determined and the variability in composi-
tions was evaluated to verify to what extent these small
differences can affect their chemical durability. The
chemical durability of the samples was evaluated by
determining the hydrolytic resistance of crushed glass
powder and using a visual appearance evaluation of
bulk samples. The results demonstrate that when the
samples are frequently washed, the compositional dif-
ferences foundbetween the suppliers can cause a signif-
icant difference in durability. The samples possessing
the highest molar concentrations of Al2O3, and alka-
line earth oxides (MgO + CaO) exhibited the highest
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hydrolytic resistance and the least visual deterioration.
Differences encountered for theweathering products of
glasses of comparable bulk compositions highlight that
the process parameters play a major role in the alter-
ation of the surface compositions of the glasses. For the
unwashed samples, no consistent correlationwas found
between hydrolytic resistance and visual deterioration.

Keywords Weathering · Chemical durability ·
Composition · Flat glass

1 Introduction

1.1 Weathering definition

Glass is regarded as a stable and inert material com-
pared to other materials, such as ceramics and metals;
however, when in contact with water in either liquid or
vapour phase, it is vulnerable to deterioration. A partic-
ular type of surface defect, occasionally found on glass
after humidity exposure and temperature variations, is
referred to as “weathering”. Visual characteristics of
weathering include a greyish appearance, haziness, iri-
descence, pitting, and different types of crystal forma-
tion. Examples of weathered bottles are exhibited in
Fig. 1.

Composition changes of multicomponent silicate
glasses exposed to the atmosphere, referred to as
atmospheric alteration, have been reported for several
decades, especially for stained glasses found in the
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Effects of compositionon the durability andweatheringofflat glass

windows of European cathedrals. Industrial and cul-
tural heritage curators also have to deal with short-term
atmospheric alteration (Alloteau et al. 2017).

It is believed that the rate at which these windows
decay has increased substantially during the present
century compared to previous centuries. A study was
undertaken to investigate the effects of relative humid-
ity (RH) and the presence of airborne pollutants on
the rate at which glass decays. Changing the humidity
from a dry (15%RH) to a humid environment results in
a factor of 10 increase in the hydration rate (Cummings
et al. 1998). The results of the same study indicated that
environmental pollutionwith 5 ppmSO2 or 1 ppmNO2

does increase the rate at which glass corrodes by a fac-
tor of approximately 3 as compared to glass exposed at
the same temperature and RH in an ambient of labora-
tory air. Therefore, RH levels in the environment were
found to have a more dramatic effect on the hydration
rate than did the levels of SO2 or NO2.

Weathering of glass by atmospheric water can be
a concern for glass as a building material, as envi-
ronmental factors can degrade glass strength (Walters
and Adams 1975). The reduction in failure strain with
weathering time for silicate glasses has been associated
with reactions with water that lengthen critical flaws,
thereby reducing strength (Ronchetto 2019).

Secondary factors also affect the durability
response. Some of these factors are the temperature
of the attacking medium, length of contact period, and
previous history of the glass, which is related to man-
ufacturing processes like forming method, annealing,
special treatments, and storage. Nonetheless, the glass
composition is the largest single influence on the chem-
ical durability response (Schaut and Weeks 2017). For
this reason, this work aims to determine the relation-
ship between the water resistance and the composi-
tion for flat glass obtained from different suppliers. The
results can enable a better understanding of the effects
of chemical compositional changes and the secondary
factors on durability and, therefore, they could prove
that the compositional differences found between dif-
ferent commercial glasses could represent a significant
difference in the durability of these glasses.

1.2 Weathering mechanism

The durability of glass to attack by neutral water can
be more difficult to assess than the attack by acid (low

pH) or basic (high pH) solutions because the corrosion
mechanism varies with the solution pH. In general, the
weathering mechanism of a float glass can be classified
into two stages: leaching and dissolution.

Silicate glasses in acidic environments show mostly
incongruent dissolution behavior, releasing elements
at different rates. In basic environments, these glasses
undergomostly congruent dissolution, releasing all ele-
ments at a single rate as the silica portion of the network
is hydrolyzed.

Pure water interacts with glass similarly to a dilute
acid, having little effect upon the network formers and
intermediates of the glass networkwhile slowly extract-
ing alkali into the solution.

Glasses with modifier cations, such as sodium,
undergo exchange reactionswhere themodifier ions are
commonly leached from the glass surface due to reac-
tions with water. This ion exchange process is regarded
as the most prevalent initial reaction with alkali-
containing glasses like soda-lime-silicate exposed to
humid environments. This process can result in the for-
mation of soluble precipitates and is governed by the
following reaction (Gösterişlioğlu et al. 2020), inwhich
M represents the alkali ions present in a silicate glass
network, such as sodium (Na) or potassium (K):

(1)

≡ Si − O−M+
(glass) + H2O

↔≡ Si − OH(glass) + M+OH−
(water)

Because of the low ionic strength of pure water,
the release of alkali causes a shift in pH toward basic
conditions. If alkali shifts the pH above about pH 9,
it catalyzes the hydrolysis of the silicon-oxygen net-
work, breaking the Si–O bonds. This process, which
represents the corrosion, can lead to the formation of
insoluble precipitates, and is described by the following
reaction:

≡ Si − O − Si ≡(glass) + H2O ↔ 2 ≡ Si − OH(glass)

(2)

This can lead to an increase in the overall corrosion
rate due to the change in mechanism, from the extrac-
tion of alkali to congruent dissolution of the complete
glass network and all of its constituents into solution
(Schaut and Weeks 2017).
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Fig. 2 The stress corrosion mechanism

1.3 Stress corrosion and crack growth

Multiple studies describing the effects of weathering
on silicate glasses have been reported, mainly focus-
ing on leaching and layer formation (Cummings et al.
1998), corrosion-induced structural changes (Lom-
bardo et al. 2005) and influence on mechanical per-
formance (Wiederhorn et al. 2013a, b). The stress at a
crack tip (σ tip) corresponds to a local peak stress and
can be calculated by multiplying the applied or nomi-
nal stress (σ applied), by the stress concentration factor
(Kt ), as described in the following equation:

σti p � σapplied(Kt ) (3)

The stress concentration factor increases with the
crack depth (a) and decreases with the crack tip radius
of the crack tip (r), as stated by the equation (Schijve
2009):

Kt �
(
1 + 2

√
a

r

)
(4)

When an existing flaw in the glass network is
exposed to liquid water or atmospheric moisture, the
presence of a tensile stress can lead to slow crack
growth. The stress corrosion mechanism causes a
strength decrease of silicate glasses in the presence of
water molecules (Fig. 2a) due to a hydrophilic attack
on stretched Si–O–Si bonds (Fig. 2b), which leads
to the breakage of these bonds, according to reaction
2, and thus creates an increased opening in the glass
(Fig. 2c). Due to this increased opening, the water can
penetrate deeper into the glass network and attack the

next bond. As shown in Eq. 4, deeper cracks lead to
higher stress concentrations. Therefore, the strength of
the glass is not only dependent on the type of surface
defect present, but also the duration of the tensile stress
and the reaction rate. Consequently, measurements of
the durability of glass to attack by water are intrin-
sically related to the testing conditions, such as time,
temperature, and relative humidity.

For a given pre-existing flaw size, there is a min-
imum applied stress level below which slow crack
growth will not occur. In a given environment, the
fatigue limit is determined relative to a given initial flaw
size, which exists at the beginning of the static fatigue
tensile loading interval, and which also has associ-
ated with it a specific value of the inert strength (σi).
The inert strength (σi) is the strength measured under
conditions when there is no environmental fatigue
and, accordingly, must be measured under conditions
where the effects of environment-induced reactions are
avoided (Kurkjian et al. 2003).

Davis et al. (1983) experimentally determined the
existence of the static fatigue limit for mechanically
abraded soda-lime-silica glass specimens under con-
stant loading conditions. This threshold level of applied
stress has been found to be a constant fraction (0.27) of
the inert strength of the pre-existing flaw. This is equiv-
alent to a stress-intensity factor equal to 27 percent of
the fracture toughness (KIC) of the glass. The static
fatigue limit can be rather expressed in terms of time
to failure when the applied stress is equal to the thresh-
old stress level and a static fatigue endurance duration
exists at that point.

In contrast, weathering can have a distinct effect
on the mechanical properties of glass. Hirao and
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Tomozawa (1987) concluded that abraded or indented
glasses upon annealing exhibit a strength increase of
20% to 30%. This increase is caused by crack tip
blunting, most likely due to viscous flow assisted by
water diffused from the atmosphere. Water penetration
into fresh fracture surfaces causes the glass just below
each surface to swell, increasing its specific volume,
and, consequently, forming a local layer of compres-
sive stress at the fracture surface. The local compres-
sive stresses reduce or eliminate the crack-tip stress
intensity factor, increasing the resistance of the glass
to crack propagation. Accordingly, the glass is stronger
and more resistant to failure by static fatigue (Wieder-
horn et al. 2013a, b).

1.4 Effects of the tin concentration on weathering

The formation of Si–OH is affected by the tin concen-
tration on the glass surface. Therefore, the weathering
in a humid atmosphere has a distinctly different effect
on the tin side (bottom face) and the air side (top face)
of a float glass (Kolluru et al. 2010).

The phenomenon of bloom, a greyish haze causing
a microscopic wrinkling of the surface, is an anomaly
occurring at the tin bath side of silicate float glasses
and caused by the in-diffusion of tin into the glass
melt. This phenomenon is related to the oxidation of
Sn+2 to Sn+4 during reheating of float glasses in air.
The Sn+4 acts as a network former in the glass struc-
ture, changing the glass properties in a superficial layer
(Frischat, 2002). Hayashi et al. (2002) reported that the
presence of the Sn+2 ion on the tin side suppresses the
ion exchange reaction between sodium and hydrogen
ions on the glass surface. Consequently, the thinner
hydrated layer on the tin side can be attributed to the
existence of the polarizable Sn +2 ion.

The air side exhibits a lower chemical durability as a
hydrated layer, developed from the ion exchange reac-
tion between sodium and hydrogen ions, is more easily
formed on the air side during weathering. The forma-
tion of the hydrated layer depends on the penetration of
hydrogen into the glass structure. This hydrated layer
on the air-side is thicker and, accordingly, has a lower
hardness than the tin side. As a consequence, the air-
side surface is less fragile and offers more resistance
to crack propagation (Soares et al. 2011). Pisano and
Royer-Carfagni (2015) concluded that the distinction
between the tin-and the air side may provide a better fit

to the Normal, Log Normal and 2-parameter Weibull
distributions. They regressed experimental data accord-
ing to the 2-parameterWeibull distribution and, using a
graphic approach, estimated the 5% fractile of the fail-
ure stresses as σ5% � 54.1 MPa for the air-side glass-
strength, whereas for the tin-side, the 5% fractile (σ5%)
� 42.87 MPa. Therefore, the difference between the
strength of the two glass surfaces cannot be neglected
in the definition of the design strength of glass.

2 Experimental

In this work, the durability of the glass samples was
measured for crushed glass powder and for bulk sam-
ples, and the results of both tests were compared to
each other. First, the chemical composition of three
samples from different suppliers was measured via X-
Ray Fluorescence (XRF). As this work intended to
represent commercial glasses and quantify the differ-
ences encountered for their compositions, the selected
samples originated from three of the largest flat glass
manufacturers in the world. Thereafter, three bulk sam-
ples from each of the three suppliers were subjected to
chemical durability tests and samples in the form of
grains were submitted to a hydrolytic resistance test.

2.1 Chemical durability tests using bulk samples

Previous studies indicated that comparing static and
cyclic humidity conditions for durability tests using
bulk glass samples, considerably more degradation
occurred under test protocols using static conditions
for some glass compositions, whereas both conditions
produced about the same results for others (Walters
and Adams 1975). Therefore, the tests performed in
this work took place under static humidity conditions.

The samples were stored for 8 weeks in an envi-
ronmental chamber kept at a temperature of 50 °C and
relative humidity of 75%. The pieces of glass were pre-
pared by using a soft cloth, scrubbing first in alcohol,
then rinsing well with distilled water, and then they
were air-dried. A setup was created hanging the sam-
pleswith plastic clips on glass rods supported by plastic
spacers. Two pieces of each kind of sample were eval-
uated: one to be washed biweekly with distilled water
and one never to be washed for the duration of the
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test. The two evaluated samples were biweekly with-
drawn from the chamber and the degree of weathering
was determined by visually classifying their appear-
ance. Furthermore, one piece was stored in a desicca-
tor and used as a control, and no surface alteration was
observed for this piece after eight weeks.

Visual evaluations were made under fluorescent lab-
oratory lighting with a strong white LED lamp while
viewing the samples over a blackbackground.The sam-
ples were evaluated according to a reference standard
(Walters and Adams 1975) and classified into five dif-
ferent conditions:

A. Excellent: No spots and/or haze are visible when
examined with the concentrated beam light source
less than 15 cm. from the specimen.

B. Good: A few spots and/or a slight haze are visible
only with lighting conditions as for A.

C. Fair:Many spots and/ormuch haze are visible only
with lighting conditions as for A.

D. Poor: Some spots and/or haze are visible without
the concentrated beam light source, but with arti-
ficial daylight.

E. Very poor: An excessive accumulation of weath-
ering product is readily visible with artificial day-
light.

The last two classifications resulted in an appear-
ance that was judged to be visually unacceptable. For
purposes of plotting the data, the appearance classifi-
cations were assigned numerical values from 0 to 4 (A
� 0 and E � 4).

After 4 weeks of the test and after completing the
test, the surfaces of the samples were examined at mag-
nifications up to 100 × in an optical microscope to
determine the physical nature of the hazy film. The
physical characteristics of the film on these samples
formed after completing the test were determined at
magnifications up to 5500 × in a scanning electron
microscope (SEM). The elemental composition of the
surface features was determined with an energy disper-
sive X-ray spectrometer (EDX).

2.2 Chemical durability tests using powder samples

The chemical durability tests using glass grains were
performed according toUSP43< 660> . In this test, the
extractionof grains is performedat 121 °Cand followed
by the measurement of the degree of the hydrolytic

attack, which is done by the analysis of the extraction
solutions. A brief description of the test is provided
below.

For each group, the samples to be tested were rinsed
with purified water and dried in the oven. At least three
of the glass articles were wrapped in clean paper and
crushed to produce two samples of about 100 g each in
pieces. The glass was crushed and the fragments were
transferred to a sieve. The crushing and sieving pro-
cedure was repeated until two samples of grains were
obtained, each of which weighed more than 10 g. The
particle size was between 300 and 425 microns, as col-
lected using sieves.Any iron particles thatmaybe intro-
duced during the crushing, were removed by passing
a magnet over them. Each sample was transferred into
a beaker for cleaning with acetone and an ultrasonic
cleaning operation. The grains were dried and 10 g of
the cleaned and dried grains were weighed into two
separate conical flasks. Thereafter, 50 mL of carbon
dioxide-free purified water were pipetted into each of
the conical flasks (test solutions) and 50 mL of carbon
dioxide-free purified water was pipetted into a third
conical flask that served as a blank. The grains were
evenly distributed over the flat bases of the flasks by
shaking gently. The three flasks were closed and placed
in the autoclave containing water at ambient tempera-
ture. It was ensured that they are held above the level
of the water in the vessel.

The autoclaving procedure was carried out as indi-
cated in USP < 660 > , up to a temperature of 121 °C.
Thereafter, the hot samples were removed from the
autoclave and the flasks were cooled in running tap
water as soon as possible, avoiding thermal shock.
Thereafter, 0.05mLofmethyl red solutionwas added to
each of the three flasks. The blank solution was imme-
diately titrated with 0.02 M hydrochloric acid, then the
test solutions were titrated until the color matched that
obtained with the blank solution. The titration volume
for the blank solution was subtracted from that for the
test solutions. The average value of the results in mL of
0.02 M hydrochloric acid per gram of the sample was
calculated. The standard referencematerial NIST SRM
622 was analyzed along with the samples as a quality
assurance standard. The certified value of NIST 622,
which is a soda-lime-silica glass, is 7.67 ± 0.38 mL
of 0.02 M HCl per 10 g, and the value of NIST 622
measured in the test was mL 7.79 mL of 0.02 M HCl
per 10 g.
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Table 1 Normalized chemical composition in weight (wt%) and the global uncertainty of the analysis samples. The molar compositions
were calculated based on the chemical compositions in wt%

Compound Group 1 (wt%) Group 1 (mol%) Group 2 Group 2 (mol%) Group 3 Group 3 (mol%)

SiO2 73.35 ± 0.185 72.75 71.51 ± 0.180 70.51 73.37 ± 0.185 72.78

Al2O3 0.69 ± 0.015 0.40 1.40 ± 0.030 0.81 0.69 ± 0.015 0.40

Fe2O3 0.042 ± 0.004 0.02 0.079 ± 0.008 0.03 0.040 ± 0.004 0.01

CaO 10.26 ± 0.068 10.90 8.90 ± 0.059 9.40 10.25 ± 0.068 10.89

MgO 1.96 ± 0.200 2.90 4.30 ± 0.439 6.32 1.95 ± 0.199 2.88

Na2O 13.18 ± 0.087 12.67 12.87 ± 0.085 12.30 13.16 ± 0.087 12.66

K2O 0.23 ± 0.030 0.15 0.66 ± 0.085 0.42 0.23 ± 0.030 0.15

SO3 0.23 ± 0.039 0.17 0.24 ± 0.040 0.18 0.23 ± 0.039 0.17

Others 0.058 0.04 0.041 0.03 0.080 0.06

Total 100.00 100 100.00 100 100.00 100

3 Results

3.1 Chemical composition

Although there are some general industry standard
compositions for normal, mid iron and low iron float
glass, the actual glass compositions are rarely checked
by the end user. A previous study by Veer et al. (2018),
reported the chemical composition for multiple sam-
ples of one type of bulk glass produced at a single
factory at different times. The study indicated that the
chemical composition of a single float line is reason-
ably constant, although there is a clear variation over
time.

In this work, three flat glass samples, from three
different suppliers, had their compositions determined
using XRF. The results are shown in Table 1. Compo-
nents present in concentrations below 0.05 (in wt%)
were omitted from the table. While the composition is
reported as fairly constant for a single float line, the
variability is higher for different suppliers. The most
significant differences were found for the amounts of
Al2O3, CaO, and MgO.

3.2 Chemical durability- Hydrolytic resistance
of glass grains

The results of the hydrolytic tests are shown in Table
2. Group 2 exhibited the highest chemical durability
among the three groups. The difference in total alkali

Table 2 Hydrolytic resistance of the samples

Group Average mL 0.02 M HCL per gram of glass

1 0.83

2 0.67

3 0.82

extracted in the hydrolytic resistance tests for the sam-
ples of groups 1 and 3wasminimal, indicating that both
groups have a comparable hydrolytic resistance. The
estimated error provided by the USP < 660 >method is
± 10% relative and even assuming the maximum pos-
sible errors, the resistance of group 2would be superior
to the resistance of the other groups.

3.3 Chemical durability- Visual appearance of bulk
samples

Table 3 summarizes the observations regarding the
visual appearance of the samples over the 8 week-test.
Moreover, during the biweekly control performed at the
4th week, the samples were analyzed with an optical
microscope. As can be observed, for groups 1 and 2,
only one surface of the unwashed and washed samples
exhibited spots and haze. The washed sample of group
3 initially exhibited spots and haze on both surfaces, but
after the first biweekly wash, it exhibited these weath-
ering features on only one side. The unwashed sample
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Table 3 Summary of weathering observations and haze rating in 75%RH/50°C. The classifications “washed” and “unwashed” refer to
biweekly washed and never to be washed samples, respectively. The classifications “one side” and “both sides” indicate if the appearance
degradation was observed in one or both surfaces of the sample, respectively

Group Condition 2 Weeks 4 Weeks 6 Weeks 8 Weeks

1 Washed B, one side B, one side C, one side C, one side

2 Washed B, one side A B, one side B, one side

3 Washed B, both sides B, one side C, one side C, one side

1 Unwashed B, one side B, one side C, one side C, one side

2 Unwashed B, one side B, one side C, one side C, one side

3 Unwashed B, both sides B, both sides C, both sides C, both sides

of the same group exhibited weathering features on its
both sides.

The appearance of the unwashed samples after
weathering for 4 weeks and 8 weeks and the appear-
ance of the washed samples after 8 weeks is shown in
Table 4. The weathering is visible as a whitish haze on
the surface. The bright white specks are dust particles
loosely adhered to the surface.

Regarding the presence of spots and haze, no signif-
icant difference was encountered among the classifica-
tion of the unwashed samples of the three groups. The
samples of the three groups exhibited a fair appearance
after the 8 weeks of testing, as shown in Fig. 3.

The effect of the periodic removal of the weathering
products was evident for group 2, as shown in Fig. 4.
In the 2nd week of the test, the sample exhibited a
good condition and was washed. In the 4th week of
the test, the appearance of the sample was excellent
like at the beginning of the test. After the 8 weeks,
the washed sample exhibited a good condition, while
the unwashed sample of the same group exhibited a fair
condition. For Groups 1 and 3, no significant difference
in haze rating was observed between the washed and
unwashed samples.

3.4 Microscopy

Microscopy images of the samples of group1 are shown
in Fig. 5.

Figure 5b shows the background glass and a crys-
talline structure. Comparing the signal ratios exhibited
in the EDX spectra of the background glass, shown in
Fig. 5c, and the crystalline structure, shown in Fig. 5d,
the sodium signal increases in the crystalline structure.

Moreover, the carbon signal increases in the spectra of
the crystalline structure. Chlorine appears in the spec-
trum of the crystalline structure, but not for the back-
ground glass. As distilled water was used as a source of
vapor in the chamber, it is not expected that the chlo-
rine originated from mineral salts in the water but may
have originated from residual salts that remained in the
chamber after previous experiments using tap water.
The compositional analysis of the crystals exhibited
in Fig. 5b and e, shown in Table 5, suggests the pres-
ence of Na2CO3 (sodium carbonate). Furthermore, in
Fig. 5b it is possible to notice feathery crystals, which
are indicated by yellow arrows, growing out of a thinner
layer.

A magnified SEM image of the thinner layer is
shown in Fig. 5f. The compositional analysis, shown
in Table 5, indicated high molar concentrations of Na
and C. Possibly, an altered layer formed, resulting from
the dissolution of acidic gases in the atmosphere, such
as CO2, into the leached surface layer, rich in OH− and
Na+ ions. Eventually, these gases, as well as particles
present in the air, can react with the leached ions orig-
inated from the glass. They can form weathering prod-
ucts such as carbonates, sulfates and chlorides on the
glass surface (MendonzaCarranza, 2021). This hypoth-
esis could explain the presence of Na2CO3 growing out
of the layer. However, further investigation is needed
to clarify it.

Figure 6 shows microscopy images of the samples
of group 2. In contrast with group 1, in which large
crystalline deposits were identified, smaller weather-
ing products were found in group 2. A prevailing sur-
face feature, which is shown in Fig. 6a, was identified
for this group. This structure exhibited the format of
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Table 4 Visual appearance and haze rating of the samples after 4 weeks and 8 weeks of weathering in 75%RH/50°C
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Fig. 3 Visual appearance versus time for unwashed samples

Fig. 4 Visual appearance versus time for washed samples

droplets and an EDX spectrum similar to the altered
layer identified in group 1, predominantly with Na, Si,
and O, as shown in Fig. 6b. As in group 1, the pres-
ence of these elements suggests that the droplets may
have been formed through leaching reactions and the
presence of Cl suggests the possible formation of salts.
These droplets were organized in linear patterns, as
shown in Fig. 6c. One possibility is that they could be
related to the tin concentration on the glass surface,
which is determined by the float process, or related to
other stages of the manufacturing processes. However,
further research is required to verify the origin of these
patterns.

Comparing the unwashed surface, shown in Fig. 6c,
and the washed surface, shown in Fig. 6d, it is clear that

for this group the washing process enables significant
improvement of the surface condition, removing most
of the droplets.

Figure 7 showsmicroscopy images of the samples of
group 3. Especially large geometric crystals ofNa2CO3

can be found, which are tens of microns long. The sur-
face features identified in pictures Fig. 7a and c are
crystals aggregated in long dendritic filaments or in
flakes, characteristic of Na2CO3, generally referred to
as crow’s feet. Their compositions consisted of C, O
and Na present in different ratios, as shown in Fig. 7b
and d. Moreover, the sodium carbonate crystals were
overall more prominent and well-defined in this group
than in the others. After washing, most of these den-
dritic deposits disappeared, as shown in Fig. 7f).
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Fig. 5 Scanning electron
microscope (SEM) images
and EDX analysis of
samples from Group 1
weathered for 8 weeks in
75%RH/50 °C. Except for
the photo h), all photos are
of unwashed samples

a) Low magnifica�on SEM image of the surface. b) Magnified SEM image of a surface feature. 

c) EDX spectra of the background glass shown in b). d) EDX spectra of the crystalline structure shown in b). 

e) Magnified SEM image of a surface feature. f) Magnified SEM image of a surface feature. 

g) Magnified SEM image of unwashed surface. h) Magnified SEM image of washed surface. 
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Table 5 EDX spectra compositional percentage determined for crystals, background glass and altered layer of an unwashed sample from
group 1. The errors are on the order of 0.5%. However, for these samples, the varied compositions and thicknesses of the weathering
crystals would swamp any error inherent to the EDX itself

Figure Object Element (mol %)

C O Na Mg Al Si S Cl Ca

Fig. 5b 38.31 18.61 14.40 1.27 – 19.63 0.65 2.92 4.20

Fig. 5b 5.14 31.30 10.11 3.00 0.34 42.64 – – 7.45

Fig. 5e 40.53 21.48 15.11 0.82 – 10.56 0.83 7.40 3.27

Fig. 5f 19.48 24.36 12.14 2.16 – 34.65 – 1.43 5.78

4 Discussion

The visual analysis represents the most common defect
of weathering in real performance. The results of visual
analysis of periodically washed samples subjected to a
climate test are in good agreementwith results obtained
from the hydrolytic tests, which indicated that group 2
possesses the highest chemical durability and the chem-
ical durability of group 1 is comparable to group 3.Both
methods simulate aging of the glass, however, accord-
ing to Allsopp et al. (2020), the climate test is more
akin to weathering. The superior chemical durability of
group 2 can be primarily related to the higher amount
of Al2O3 in this sample (0.81 mol%) when compared
to the samples of group 1 and group 3, both containing
0.40 mol% of Al2O3. Increased alumina contents are
associated with their inhibiting effect on the alkaline
attack (Bacon 1968), successfully promoting network

connectivity in silicate glasses by eliminating NBOs
and tying-up the alkali.

Alkali is the most soluble component of soda-lime
glass. A study conducted by Janssens (2013) reported
that commercial soda-lime-silica glasses showed pref-
erential leaching of Na compared to K. The amount of
total leached alkali turned out to be significantly depen-
dent on the concentration of Al2O3 (negative correla-
tion), Na2O and K2O (both positive correlation) in the
glass. Therefore, both alkali oxides reduce the glass
durability, but Na2O has a greater influence on it. The
samples from groups 1 and 3 contained slightly higher
amounts of Na2O (12.60–12.70 mol%) than group 2
(12.30 mol%). Considering the total alkali concentra-
tion (sum of Na2O and K2O), group 2 has a minimally
lower concentration than theother groups (12.82mol%,
12.72 mol% and 12.81 mol% for groups 1, 2 and 3,
respectively). Therefore, it is expected that this negli-
gible variation in alkali concentration does not play a
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a) Magnified SEM image of a surface feature. b) EDX spectra of the altered layer shown in a). 

c) Magnified SEM image of unwashed surface.  d) Magnified SEM image of washed surface. 

Fig. 6 Scanning electronmicroscope (SEM) images andEDXanalysis of samples fromGroup 2weathered for 8weeks in 75%RH/50 °C.
Except for the photo d), all photos are of unwashed samples

major role in the differences encountered among the
chemical durability of the groups.

The alkaline earth ions are relatively less mobile
when compared to the alkali. Previous work from
Koenderink et al. (2000) investigated the effect of the
nature of the alkaline earth cation R (R � Mg, Ca,
Sr or Ba) on the durability of soda-lime-silica glasses
withmolar composition (RO)15(Na2O)15(SiO2)70. The
results indicated an enhanced water resistance when
going from Ba to Sr to Ca to Mg containing glasses.
The results agree with a study that related the thermo-
dynamic hydration energy to the bond energetics of the
glass (Jantzen and Plodinec 1984). In this study, the rate
of glass dissolution is correlated to the hydration free
energy of the glass. A study, from Bacon (1968) cor-
roborated these conclusions, demonstrating that soda-
lime glasses containing only MgO are more resistant
than those containing only CaO. The samples from
groups 1, 2 and 3 contained 2.90 mol%, 6.32 mol%

and 2.88 mol% of MgO, respectively. The concentra-
tion of alkali earth ions (CaO + MgO) the samples of
these same groups was 13.80 mol%, 15.72 mol%, and
13.77 mol%, respectively. Therefore, the higher molar
concentration of alkali earth ions and, principally, the
significantly larger concentration of MgO in group 2,
could have contributed to the higher durability exhib-
ited by the washed samples of this group.

In oxide glasses, where two dissimilar alkali
species coexist, the chemical durability can demon-
strate remarkable deviation from the linearitywhen one
alkali cation substitutes another at total fixed concen-
tration of alkalis. Similar effects are observed in mixed
alkaline-earth glasses. This phenomenon is referred to
as mixed alkali effect (Belostotsky 2007). Currently,
there are conflicting experimental facts that seem to
derail the establishment of empirical rules concerning
this effect (Ngai et al. 2002).
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a) Magnified SEM image of a surface feature. b) EDX spectra of the crystalline structure shown in a). 

c) Magnified SEM image of a surface feature. d) EDX spectra of the crystalline structure shown in c). 

e) Magnified SEM image of unwashed surface. f) Magnified SEM image of washed surface. 

Fig. 7 Scanning electronmicroscope (SEM) images andEDXanalysis of samples fromGroup 3weathered for 8weeks in 75%RH/50 °C.
Except for the photo f), all photos are of unwashed samples
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Nonetheless, there are two relevant premises
reported in literature, which concern alkali, mixed-
alkali and mixed alkaline-earth silicate glasses: (i)
a SiO2 content below 66 mol% is mentioned as a
threshold below which the chemical durability of glass
decreases; and (ii) glasses with CaO contents above
10 mol% are reported as having low chemical resis-
tivity and to deteriorate in high RH environment, or
above 12 mol% according to other authors (Rodrigues
et al. 2019). This second premise is corroborated by the
inferior chemical durability of the samples of groups
1 and 3, which have concentrations of CaO around
10.9 mol%, whereas group 2 has a CaO content of
9.4 mol%.

No consistent correlation was found, however,
between the results of the hydrolytic tests and the
visual analysis of the unwashed samples. Hydrolytic
resistance tests using glass grains determine only the
amount of weathering product leached from the glass
surface as total weight or as alkali per titration. It is
presupposed that the weathering, as measured by these
tests, is related to the constituent oxides of the glass
on the assumption that it might be an additive property
of these components expressed in molar percentages
(Owens and Emanuel 1942). On the other hand, the
visual inspection of the unwashed samples yielded a
qualitative measure of the optical density of the accu-
mulated weathering products. Accordingly, these two
tests may not agree because they measure different
properties.

Regarding the weathering mechanism, significant
differences were observed among the three groups. The
weathering can be described by reactions that occur one
at a time or simultaneously. The different stages depend
on pH variations and were already reported as water
adsorption, ion exchange, water molecule hydration to
form a thin layer, as well as physical changes resulting
from wetting or drying (Tournié et al. 2008). The ion
exchange mechanism, described in the introduction,
leads to the leaching of sodium to the glass surface.
The pH around the reaction sites can change towards a
basic environment because of these ion-exchange reac-
tions, accelerating the hydrolysis of siloxane bonds. For
group 2, the washing likely resulted in a lower alka-
linity of the solution and the diminution of dissolved
glass constituents. On the other hand, the poorer visual
appearance of the unwashed samples of this group was
likely the result of leaching products accumulating and
leading to network dissolution.

In humid conditions, the leached ions of a soda-lime
silicate glass accumulate on the surface and, as a con-
sequence, react with environmental species to form a
wide variety of crystalline deposits on the surface, with
sulfates often forming as well (Ronchetto, 2019). In
groups 1 and 3, this reaction formed predominantly
sodium carbonate. In groups 1 and 2, leaching reactions
were also identified, and an altered layerwas developed
on the glass surface. The compositional analysis of this
layer, combined with the high mobility of Na+ ions in
the glass, suggests a different form of Na2CO3. How-
ever, a follow-up investigation is suggested to clarify
its nature.

Despite the similarity in the compositions of groups
1 and 3, differences were encountered for their weath-
ering products and patterns. Remarkably, the carbon-
ate crystals in group 3 were more prominent and well-
defined. Moreover, although remedied by periodically
washing, weathering features were observed on both
surfaces of the samples of group 3, whereas, under
washed and unwashed conditions, they were observed
in only one surface of group 1.

These differences indicate that atmospheric glass
alteration depends strongly on the glass surface com-
position. The surface composition may be different
from the bulk composition due to process parameters.
According to Majéurs et al. (2020), besides the effect
of the tin concentration, the presence of SO2 in the
annealing lehr causes surface dealkalization, which can
improve the durability of the glass. Additionally, the
atmospheric alteration is characterized by its sensitivity
to the surface structure and defects, being either com-
positional gradient, internal stress, scratches, dust and
environmental particles, or alteration salts produced in
the first alteration stage. During this study, the air side
and the tin sidewerenot previously identified andmoni-
tored separately during theweathering tests, but studies
that investigate the weathering products of each glass
surface separately are worth further exploration. Fur-
ther investigation of the effect of each process param-
eter on the weathering patterns is also encouraged.

5 Conclusions

A direct relationship between the chemical composi-
tion and the amount of weathering was found. Among
the three investigated groups, the one that exhibited
the highest chemical durability, determined both by
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the visual appearance of washed samples and by the
hydrolytic test of glass grains, possessed the high-
est molar concentration of Al2O3, and alkaline earth
oxides (MgO + CaO) in its chemical composition. The
SEM/EDX analysis showed that the weathering prod-
uct was likely formed by an altered layer.

The other two investigated groups, which had a
similar chemical composition, exhibited a compara-
ble hydrolytic resistance. The weathering products of
both groups were predominantly formed by deposits of
Na2CO3. However, variation in the weathering prod-
ucts and patterns were encountered for these groups,
indicating that differences in the manufacturing pro-
cesses of suppliers produce glass surface compositions
that diverge significantly from the glass bulk composi-
tion.

The slight differences encountered among the chem-
ical compositions of the groups did not have a signifi-
cant influence on the chemical durability of unwashed
samples: after 8 weeks of weathering in 75%RH/50°C,
the samples of the three groups had the same haze rat-
ing (fair). The results demonstrate the importance of
investigating both washed and unwashed samples and
looking for a truer representation of the actual sur-
face conditions produced by weathering for predict-
ing product durability. If the samples are frequently
washed, weathering could be a less severe problem for
some compositions. Therefore, regular window wash-
ing could wash away some weathering products and
contaminants, avoiding further reactions of the glass
surface. However, for most compositions, the washing
process did not affect the weathering severity, as it was
insufficient to slow down the weathering reactions.
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