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Abstract

Four glasses in the ®-Ca0-SiQ (R = Na, K) system, following similar compositions to historical glasses used for production of stained

glass windows, were prepared with different CagidRatio. The samples were submitted to accelerated weathering test under different
temperature and relative humidity conditions, as well as under controllg¢h8iited atmosphere. The experimental set up was selected to
simulate the main conditions responsible for the deep deterioration submitted by the historical stained glass windows. Such damage has been
very important during the last century, as a consequence of highly polluted industrial environments.

As far as the results concern, it has been shown that 400 cycles of variable temperature and humidity are capable to develop pits on the glass
surface, its shape and intensity depending on the glass composition. When weathering cycles were carried out with 1@pger Bigh

humidity conditions, calcium carbonate crystals appeared upon the glass surface, whereas calcium sulphate crystallisation occurred for higher
SO, concentration. The mechanism of chemical damage has been proposed and discussed in terms of the reaction betfvemmshe Ca
leached from the glass sample and the environmental Bi@& former whole reaction occurred through an intermediate stage: the calcium
carbonate crystallisation. That salt was displaced by sulphate only when the8€entration was high enough.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction deposits, pits and other decay signs that dealed with the loss
of their artistic and historical value.

During the last decades many studies about the charac- To the best of the authors knowledge, up to now only cal-
terisation of historical glasses corrosion have been carriedcium sulphate was reported as the main salt component in
out?™ A special interest is paid to glasses from stained glass corrosion crusts upon historical stained glassé$in some
windows, since they have been submitted to a long damag-others studies about glass behaviour in natural groundwater,
ing time during the last centuries. Different corrosion be- HCOsz~ anions were found in the initial corrosion stalgé?
haviour has been recorded in that glasses depending on theiThis research was motivated by the fact that calcium carbon-
chemical composition and weathering conditions. The atmo- ate instead of calcium sulphate were detected on historical
spheric pollutants nature and concentration have determinedglass samples from the Cathedral of Ledn (13th century,
the deterioration pattern of glasses from stained glass win-Spain)!* Those glasses were removed from the stained
dows. Nowadays atmospheric @oncentration has been glass windows in the last whole restoration carried out dur-
reduced and tends to decrease even more, but stained glasag the 19th century. Therefore, the glass pieces were kept
windows were deeply damaged for many decades when theindoor and preserved from the environmental aggressive-
pollutants level was not especially controlled. As a conse- ness (gaseous pollutants from industries and roaded traffic,
guence, stained glasses have developed thick crusts of salinainly). With the aim to perform a detailed study about

the corrosion mechanism submitted by the stained glasses,

* Corresponding author. Tel#49 931 4100 705; a. set .Of simulated weathermg prerlments W?.re planned.
fax: 449 931 4100 799. Likewise, several glasses with similar compositions to the

E-mail addresscarmona@isc.thg.de (N. Carmona). Medieval and Renaissance ort€s!8 were prepared at the
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laboratory in order to be tested following the former weath- lar ratio RO/CaO. Moreover, in all the prepared glasses
ering experiments. In such glasses, the potash content wad.0wt.% MnO was added, with the aim to verify if, due
varied as well as the CaO#0 molar ratio, which has been to the well known solarisation phenomesdin MnO con-
discussed to be the most important parameter in determiningtaining glasses, a darkening process takes place. Thus, by
chemical stability of historical glassé$:22 Summarising, introducing this oxide it was possible to monitorise simul-
the objective of the present work was to monitor the mecha- taneously chemical degradation and, if any, photoxidation
nism of chemical degradation of old glass compositions sim- during the ageing cycles.
ilar to that of the stained glass windows of the Cathedral of  All the glasses were prepared starting from pure chem-
Ledn. With the aim to attain valuable results in a reasonableical reagents (analytical grade) and from washed quartz
period of time, accelerated corrosion tests were carried out.sand. The melting was carried out in an electrical furnace
Variable parameters, such as temperature, relative humidityup to 1400C for 2 h. After that the glasses were cast and
and ultraviolet light as well as S@oncentration, playingan  hand-pressed to obtain 3—4 thick plates (5cm). Once the
important role in the glass decay process, were controlled. glasses were slowly cooled down (38D¥h), samples of
1.5cmx 2.5cmx 0.4cm in size were cutted off.
Some physical properties of the glasses were deter-

2. Experimental mined: linear expansion coefficient)(?324 glass transition
temperature Tg)?>2° and wavelength at the absorption
2.1. Preparation and characterisation of glasses maximum max).?° Linear expansion coefficient and tran-

sition temperature were determined from the corresponding
Since original historical glass samples are limited by ob- dilatometric curves obtained with a differential dilatometer
vious conservation reasons, this research was conducted ofNetzsch model 402EP. Ultraviolet-visible (UV—vis) spectra
glasses obtained at the laboratory, following several model were recorded with a Perkin-Elmer Lambda 19 spectropho-
compositions of Medieval and Renaissance glasses used irtometer in the 300—800 nm range.
the past to produce stained glass winddws.’ Four glasses
were prepared with the compositions summarisethiie 1 2.2. Accelerated weathering tests
Both weight and molar percentage are shown: formulation
as weight percent is the current way in which the glasses To study the behaviour of the former glasses under differ-
composition is expressed by the industrial sector, while mo- ent conditions of temperature, relative humidity (RH) and
lar percentage is more self-explaining from the chemical UV radiation as a function of time (weathering-1 test), the
point of view, for instance to discuss the ratio between the samples were submitted to ageing cycles inside a Minitest
different glass components. CCM-25/81 chamber. This chamber is provided with an UV
Glass G1 composition approximately corresponds to a lamp (Philips MLW, 160 W). The ageing cycles (7 h each)
soda lime silicate conventional glass, nowadays used for ar-simulated a humid (80% RH) and very warm (&) cli-
chitectural applications (windows) and also similar to that mate, together with UV radiation for the first 3h. A very
of the glass windows used in the Renaissance period. Thisdry (30% RH) and cold€15°C) simulated climate without
glass composition is characterised by a high silica percent-UV radiation completed the ageing cycle.
age and an equilibrated ratio betweepCR(alkaline ox- Two more ageing cycles (weathering-2 and weathering-3)
ides) and CaO. All the other three glasses (G2, G3 and G4,were conducted with different SOconcentration as the
Table 1) are similar to medieval glasses frequently used for main responsible for the deep chemical damage submitted
production of stained glass windows. They were formulated by the historical stained glasses during the last cerffify.
following the same base composition and varying the mo- In this case a Kesternich chamber mod. VCK-300 was used,

Table 1
Chemical composition (mol% and wt.%) of the glasses prepared
Oxides mol% wt.%

Glass 1 Glass 2 Glass 3 Glass 4 Glass 1 Glass 2 Glass 3 Glass 4
P,Os - 15 15 15 - 34 3.3 3.3
SiO 72.0 50.0 50.0 50.0 71.9 48.4 47.2 46.1
Al,03 1.0 15 15 15 1.7 25 24 2.3
MgO 2.0 5.0 5.0 5.0 1.3 3.2 3.2 3.1
CaO 8.0 335 29.5 255 7.4 30.3 26.0 21.9
MnO 1.0 1.0 1.0 1.0 1.2 1.1 1.1 1.1
NaO 16.0 0.5 0.5 0.5 16.5 0.5 0.5 0.5
K20 - 7.0 11.0 15.0 - 10.6 16.3 21.7

R,0/Ca0, R= Na, K 2.0 0.2 0.4 0.6 - 0.4 0.6 1.0
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which can control S@ concentration in the 10-3000ppm  tio Mn2*/Mn3* decreases in the same sense that the glass
range. For these experiments, the temperature wa€A0  pasicity increases, i.e. the molar ratig@®CaO in the se-
the RH 100% and the cycle time was 24 h. The correspond-quence G2 G3 < G4. This explains the more deeper violet

ing SG; dose (10 ppm for weathering-2 test and 1800 ppm colouring in the glass G4 and its more shifted absorption
for weathering-3 test) was introduced in the chamber at the pand.

beginning of the ageing cycle. Obviously, the two S0n-
centrations tested were very high in comparison with the 3 5 accelerated weathering
present atmospheric $@ontent in industrial towns. For in-
stance, S@level in both Madrid (Spain, dry environment) 3 1 \veathering-1: Tests under variable temperature
and Cracow (Poland, humid environment) is below 0.1 ppm. 504 RH
Superficial deterioration of samples was directly observed  ysjple absorption spectra of glasses recorded both before
by optical microscopy with a Nikon mod. SMZ-2T and  ang after 400 accelerated weathering-1 cycles were invari-
Nikon mod. Optiphot2-POL equipment attached with an ac- apje_ This means that, during the tests, UV exposure has not
cessory to take micrographs. Scanning electron microscopyoxidised Mr#+-ions to M#+-ions, and thus no solarisation
(SEM) (Philips XL.30) was used to undertake a detailed study effect took place. On the contrary, the temperature and RH
of the surface morphology. Likewise, microanalyses were changes dealed with a deep attack on the glassF @l 19.
performed by energy dispersive X-ray spectrometry (EDX) ypon the surface of this glass, isolated pits appeared with a
with a DX4i analysator attached to the former miCroscope. gark central nucleus and a clear rounding area. Smaller pits
The crystalline corrosion products obtained after the ac- \yere also observed with different aggregation degree upon
celerated weathering tests were detected by X-ray diffrac-the former pits. Microanalyses performed on that surface
tion (XRD) with a Siemens D5000 diffractometer, provided \y1A1G1, weathering-1, analysis 1, glas§4ble 3 shows
with a Kristaloflex 710 generator. The coppex Kradiation a decreasing in the N® content, in comparison with the
(2 = 0.15405nm) with a nickel filter and a 0.1 mm detector Nz,0 concentration in the original glass, and a consistent
collimator were used at 50kV and 30 mA. relative increase of the other components. In the potash-lime
glasses G2, G3 and G4, the deterioration begins later. The
higher is the KO content, the higher is the chemical attack

3. Results and discussion observedFig. 1b—dshow, respectively, the surface morphol-
_ ogy of those glasses. The microanalyses carried out on that
3.1. Properties of glasses surfaces showed a small decreasing of the silica content, a

_ _ _ _ _ light relative increasing of CaO and almost the same amount

Table 2summarises the physical properties determined in of K,0 (analysis W1A1G2 for glass 2, W1A1G3 for glass
the glass samples. The linear expansion coeffici®nniea- 3 and W1A1G4 for glass 4fable 3.
sured between 20 and 300,23.’24 increases with the ¥O In all the glasses tested hydrolytic attack took place. It be-
molar percentage in potash-lime silicate glasses. This factgins by the ion-exchange of Hions from the atmospheric
can be explained by the progressive incorporation 0K  water with the alkaline-ions (R= Nat, K*) from the glass
that diminishes the structural cohesion and allows the forma- surface Fig. 2, step 1). Although a priori it would be ex-
tion of a more open and weaker glass network. In addition, pected that glass G1 will show a good hydrolytic resistance
the glass transition temperatufg) tends to diminish when  (due to the lower leaching tendency of Né#ns in com-
CaO was substituted byJO, due to the same reasons. parison with K'-ions from the potash-lime glasses G2, G3

The absorption spectra of the studied glasses in the visibleand G4), this soda-lime silicate glass G1 is the most dam-

range showed a maximum at about 499 nm. This absorp-aged one. The higher deterioration observed in glass G1
tion band corresponds to the characteristic optical feature

of Mn3t-ions22 responsible for the violet colouring of the Table 3
. . . _Table
glasses prepared. By comparing the maXImum, abSOI’ptIOI’lEDX microanalyses performed on the glasses submitted to the weathering-
wavelengths of the specFra of the three potash-lime glassesl tests (400 cycles with variable temperature and RH) (wt.%)
(G2, G3 and G4), a shift towards longer wavelengths is

recorded when the FO/CaO molar ratio increased. The ra- Oxides WIALGE WiAlG2 WIALGS WiALGA
P05 - 2.6 3.1 2.8
SiOy 79.4 38.9 39.0 41.6
Table 2 Al,03 2.6 7.4 5.3 3.2
Some physical properties of the glasses prepared MgO 1.7 2.0 25 0.2
—7 -1 o CaO 9.3 35.5 30.6 26.6
Glass a (x107"K™) (20-300°C) Ty (°C) Amax (NM) MnO 24 19 20 14
Gl 98.3 530 484 NaO 4.2 1.0 1.0 0.0
G2 98.4 716 478 K20 - 10.2 16.1 24.0
G3 104.7 621 481 Cl— 0.4 0.4 0.4 0.2

G4 111.8 632 498 - -
a8 W: weathering; A: analysis; G: glass.
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Fig. 1. Optical microscopy images of the glasses surface: (a) G1, (b) G2, (c) G3 and (d) G4, after 400 weathering cycles performed under variable
temperature and relative humidity (weathering-1).

can be explained on the basis of its alkaline oxide con- confirmed that common soda-lime silicate glass submits a
tent (16.0 mol%,Table ) which is higher than the ¥O strong interaction with waté€2° and, on the other hand,
content in glass G2 (7.0mol%), G3 (11.0mol%) and G4 they are classified as laydrolytic class 3glass, according
(15.0 mol%). Moreover, in the three potash-lime glasses theto the ISO standard for hydrolytic resistar®eEDX mi-
CaO amount (which behaves as a network stabilising oxide) croanalyses performed on the surface of the glass G1, once
varies between 33.5 and 25.5 mol%, while in the soda-lime submitted to the weathering-1 test, confirmed a noticeable
glass G1 the calcium oxide content is much lower (about decreasing in the N® content and a relative increasing of
8.0 mol%). The two reasons stated above explain why glassthe silica content. This agrees with the superficial dealkalin-
G1 showed more damage signs than glasses G2, G3 and G4sation process explained above.
Such a damage is exclusively attributed to a dealkalinisa-
tion process as a consequence of the ion-exchange enhancegl2.2. Weathering-2: Tests under 10 ppmpSO
by the environmental hydrolytic attack. In fact, it has been  After 95 cycles under 10 ppm S@tmosphere, the surface
of glass G1 does not show important deterioratieig(33.

STEP 1 The corresponding EDX microanalysis (W2A1Qhble 4
indicated that the glass composition at the surface is almost
the same than those of the inner part of the glass (a light

‘ESI-O' R* + HO — =Si-OH+R* + OH (R=Na,K)

STEP 2 NaO decrease was recorded). In the glasses G2, G3 and

IESI_O_S|E + OHF —> =Si-OH + =Si-O- ‘ G4, the higher is tr_]eirEOcon_tent, th(_a higher is the damage
produced after this weathering testid. 3b—g. The EDX

STEP 3 microanalyses carried out on different areas of the glasses

|ESI-0-Ca2+ ‘0-Si= + 2H,0 — 2=Si-OH + Ca(OH), surface, showed white needle shaped crystals in which the

calcium content is high (W2A2G2, W2A2G3 and W2A2G4;

BYEF 4 Table 4. Further qualitative chemical analyses performed on
!Cﬂ(OH)g + CO, — CaCO, + H,0 the white crystals, demonstrated their nature to be calcium
sTER S carbonate.

The EDX microanalyses corresponding to the superficial
[°ﬂ°°s + 80, + 120, + 2H,0 —> CaSO/2HO + CO, areas without crystals (W2A1G2, W2A1G3 and W2A1G4;

Fig. 2. Steps of the chemical deterioration mechanism for the glasses Table 4' indicated t_hat the_ MgO and CaO qontents we-re
studied. reduced due to their leaching and precipitation as, for in-
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Fig. 3. SEM images of the glasses surface: (a) G1, (b) G2, (c) G3 and (d) G4, after 95 weathering cycles under 19 ppoh $®eathering-2).

stance, calcium carbonate. Consequently, the silica and the3.2.3. Weathering-3: Tests under 1800 ppnmp SO

alumina contents show a relative increase. In addition, the With the aim to intensify the weathering conditions un-
MnO amount was maintained. The® amount was found  der which calcium sulphate may appear in the corrosion
to be strongly reduced, due to the ion-exchange betweencrusts, tests under 1800 ppm Sfere conducted. After such
K*-ions and H-ions from the water. After reaction with  weathering test, glass G1 did not show relevant deteriora-
SOy, potassium sulphate was formed, washed off becausetion, while potash-lime glasses G2, G3 and G4 were seri-
of its high solubility in aqueous medium and detected after ously damagedHig. 4). These glasses appeared completely
each cycle on the tray at the bottom of the tests chamber. covered by a thick white corrosion crustZ mm thickness).

It is important to note that after the aggressive conditions The crust was spongeous in glass G2 and more compact and
of the weathering-2 test, corrosion crusts are formed uponadhered to the glass surface in samples G3 and G4.
potash-lime glasses G2, G3 and G4; and that such a crusts SEM micrographs Kig. 4a—¢ show longed crystals of
were composed by calcium carbonate, instead of calcium calcium sulphate, as indicated the EDX microanalyses per-
sulphate, as it would be expected following former liter- formed on the corresponding glass surfaces (W3A1G2,
ature reports on crusts found on medieval stained glassesN3A1G3 and W3A1G4;Table 5. The corrosion crusts
weathered under humid and polluted environmeétts? formed were carefully removed with a scalpel and analysed
Moreover, Ojovan et ak? found HCQ™ ions as a leach- by XRD. The results obtained showed that gypsum with
ing intermediate product of glasses used for nuclear wastea low crystallinity degree is present in the glass G2 crust;

immobilisation, which indirectly support our results. with medium crystallinity degree in the glass G3 crust; and
Table 4

EDX microanalyses performed on the glasses submitted to the weathering-2 tests (95 cycles under 19 pachBSt.%)

Oxides W2A1G1 W2A1G2 W2A2G2 W2A1G3 W2A2G3 W2A1G4 W2A2G4
P20s - 3.9 6.8 3.4 5.9 5.2 5.3

SiO, 74.0 52.4 44.4 62.3 31.8 58.3 2.6
Al,03 3.0 10.0 10.0 7.1 4.3 47 0.6

MgO 2.2 2.4 3.7 2.4 21 2.3 2.7

Ca0 6.8 22.3 29.0 14.6 47.8 16.1 84.3
MnO 1.2 1.1 1.6 1.6 1.8 1.6 25
NaO 12.8 - - - - - -

K20 - 75 45 8.0 2.9 11.6 1.2

SO - 0.4 - 0.6 3.4 0.2 0.8
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Fig. 4. SEM images of corrosion crusts of glasses: (a) G2, (b) G3 and (c) G4, after 15 weathering cycles under 1809 pach;S@) image of glass
G2 surface once the corrosion crust was removed.

well crystallised in the glass G4 crust. Some amorphous ical deterioration mechanism and the steps with which it
silica grains were detected as well. Once the crusts wereproceeds. As is said above, the first step is a hydrolytic at-
removed, a very cracked surface was observed in the thregack that takes place by ion-exchange between thdédns
potassic glasse$ig. 4d. EDX microanalyses of such sur- from the water and R-ions from the glass surfac€ig. 2,
faces showed that both CaO ang@@ have been almost step 1). When S@is present{10 ppm) as an atmospheric
released and the silica content appeared proportionally in-pollutant, the higher is the CaO content, the higher are the
creased (W3A2G3 on the glass G3 surface and W3A2G4 corrosion crusts formed. In the glasses studied, the alka-
on the glass G4 surfacdable 5. The weathering-3 test, line hydroxide (KOH or NaOH) formed, as a consequence
with a so very high S@ concentration, demonstrated that of the ion-exchange, interacts with the siloxane bonds
only when the S@ content is high enough, the calcium (=Si—-O-S&) of the glass and destroys the network. This
sulphate corrosion crusts appear on the glass surface. deals with the glass depolymerisation, especially in the case
The different weathering tests performed on the four of KOH formation which is a stronger basic hydroxide than
glasses prepared and studied, have pointed out the chemNaOH (Fig. 2, step 2). Once the glass network is broken
down, C&*-ions leaching as Ca(Ok)s enhancedKig. 2,
step 3). The next step is the carbonation of calcium hydrox-

Table 5 ; ; ;
EDX microanalyses performed on the glasses submitted to the Id? under low ar.]d medium~(10 ppm) SQ concentration
weathering-3 test (15 cycles under 1800 ppm, $@ch) (wt.%) (Fig. 2, step 4). Finally, only under highly Szoncentrated

environments or after a long exposure under, $0lluted

Oxides WS3A1G2 WSAIG3 W3A2G3  WSALG4 W3A2G4 atmosphere, carbonate ions can be displaced by sulphate

P20s - 3.6 14 2.1 25 ions that will form anhydrous or hydrated calcium sulphate
SiO, - 21.7 77.0 33.0 84.4 ;

Al,O3 - 1.7 3.6 1.7 1.6 (Fig. 2 step 5).

MgO - 0.8 0.4 0.5 0.3

cao 38.8 24.8 3.6 24.2 0.6

MnO - 1.1 0.5 - 0.6 4. Conclusions

NaO  — 1.3 0.5 - 0.4

K,0 - 2.4 3.7 1.7 25

When temperature and humidity are the only weathering

5% 612 426 93 368 1 test variables, glass G1 (soda lime silicate) was the most
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damaged. In potash-lime silicate glasses, the higher is the 2.
K20 content, the higher is the hydrolytic attack produced.
These facts can be explained taking into account both the
alkaline and alkaline-earth oxides content in the glasses, i.e.
the molar ratio RO/CaO. The network stabilising role of the
alkaline-earth oxides have to be considered to explain the
hydrolytic resistance of glasses, especially in potash-lime
glasses.

The ultraviolet irradiation during the weathering tests did
not produce an increase of the visible absorbance attributable g
to the Mrft-ions photoxidation. Therefore, under the ex-
perimental conditions tested, no solarisation phenomenon
occurs.

SO, presence during weathering tests is a very impor-
tant factor for the glass chemical deterioration. Weathering o
tests with 10 ppm S@affected in low extent to soda lime
glass, in which only the ion-exchange of Nions with
H*-ions from the moisture water was observed. However,
potash-lime glasses were easily damaged under a 10 ppm
SO, environment. Firstly thick CaCgcorrosion crusts are
formed. In this case a double chemical mechanism takes
place: (i) ion-exchange of K-ions from the glass with
H*-ions from the moisture water; and (i) glass network 11.
depolymerisation performed by the alkaline attack of the in
situ KOH formed. When the glass depolymerisation occurs,
Cat-ions leaching as Ca(Ohl)also takes place, which
forms CaCQ@ when in contact with the atmospheric €O
Calcium sulphate precipitation was observed when thg SO 13.
concentration during the weathering test was high enough.
In such a case carbonate ions are displaced by sulphate ions.

To the best of the authors knowledge, up to now the for-
mation of CaCQ as an intermediate step in the precipitation
of CaSQ on the corrosion crusts, has not been reported. 15.
Calcium carbonate does not appear in the literature related
to neither historical glasses analyses nor simulated acceler-
ated weathering tests with model glasses from the laboratory.
Thus, CaCQ is firstly formed and thereafter displacement
of carbonate-ions by sulphate-ions takes place. The present
work demonstrates that under moderate to medium polluted
environments, the corrosion crusts upon potash-lime glassed'8-
are formed by CaC® Nevertheless, more experimental
work, nowadays in progress, must be done to clarify the crit- ;4
ical SO threshold under which the glass corrosion proceeds.
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