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Simulat ion of degrada t ion p h e n o m e n a o n m o d e l ename l s w i t h 
histor ical composi t ions^^ 
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Enamels from arts and crafts objects of the Renaissance and Baroque period in Europe show an increasing and irreversible degra­
dation caused by microclimatic environmental influences. In the present study typical degradation phenomena were simulated and 
the mechanisms of degradation were described. Model enamels on copper Substrates were produced and exposed to accelerated 
weathering in a climate Chamber. The enamel compositions were selected according to the analysis of Originals. The main part of 
the work was involved with the investigation of parameters influencing the corrosion of the objects like the effect of pollutants and 
changes of temperature and humidity. Besides, the influence of mechanical stresses in the enamel layer and the effect of a mechanical 
pre-damaging were parts of the working programme. The progress of the degradation process was followed by light microscopy and 
infrared reflectance spectroscopy. The investigations were completed by an assessment of the distribution of the stress in the enamel 
layer and the metal Substrate. 

Simulation von Umweltschäden an Modellemails mit historischen Zusammensetzungen 

Emails aus kunsthandwerklichen Produktionen der Renaissance und des Barocks in Europa zeigen zunehmend irreversible Schäden, 
die auf Umwelteinflüsse zurückgeführt werden. In der voriiegenden Studie wurden die typischen Schadensphänomene simuliert und 
deren Schadensmechanismen beschrieben. Für die Simulation mittels beschleunigter Bewitterung in der Klimakammer wurden 
Modellemails auf Kupfer hergestellt. Die verwendeten Emailzusammensetzungen wurden hierbei nach Analysenergebnissen von 
Originalen ausgewählt. Der Kern der Arbeiten war die Untersuchung von verschiedenen Einflußfaktoren wie die Belastung durch 
Schadgase und Temperatur- und Feuchteschwankungen. Auch der Einfluß mechanischer Spannungen in der Emailschicht und die 
Wirkung einer vor der Bewitterung in die Emailschicht eingebrachten Vorschädigung waren Teil des Arbeitsprogramms. Der Fort­
schritt des Verwitterungsprozesses wurde mit Hilfe von Lichtmikroskopie und Infrarot-Reflexions-Spektroskopie verfolgt. Eine 
Abschätzung der Spannungsverhältnisse in Email und Metall ergänzte die Untersuchungen. 

1. Introduction 
Dür ing the last decades an increasing degradat ion of en­
amels from arts and crafts objects of the Renaissance 
and Baroque period in Europe has been observed. Al­
though these objects are stored indoors, e. g. in museum 
showcases, they may suffer from an aggressive micro-
climate. Especially inorganic pol lutants like sulphur di­
oxide and nitrogen dioxide as well as volatile organic 
Compounds like acetic acid and formaldehyde are being 
considered as a reason for the increasing damage [1 and 
2]. These pol lutants can be introduced by visitors as well 
as by air condit ioning or they can be emitted by con­
s t rucdon materials and even by the objects themselves. 

The corrosion of historic enamels on gold, silver 
or copper Substrates leads to a loss of their former 
glossiness, to a formation of a milky fdm on the glass 
surface and to the typical microcracking as known from 
the glass corrosion processes caused by atmospheric 
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weathering [3 and 4]. In addi t ion , the different thermal 
expansion coefficients of the enamel layer and the me ta l 
Substrate cause an increasing growth of c racks w i t h i n 
the enamel layer. This finally leads to a flaking off of 
enamel splinters and consequent ly to a loss of large 
enamel surface areas from the objects [1]. C o l o u r e d 
t rans lucent enamels, cons isdng of alkali alkaline-earth 
Silicate glasses are most ly affected, whereas opaque lead-
t in Silicate glasses are m o r e stable [5 and 6]. Besides, the 
Substrate itself influences the corrosion progress: T h e 
most severe damage can be found on enamel led silver 
Substrates [7 and 8], due to the h igh t he rma l expansion 
coefficient of silver compared to that of glass. T h e cor­
rosion of the Substrate itself as described for copper [9] 
is also expected to support the flaking off of the enamel. 

T h e character izat ion of the degradation phenomena 
and the knowledge of the degradation mechanisms are 
necessary for the development and the appl ica t ion of 
effective conservat ion or res tora t ion measures. The re ­
fore, it was the aim of this study to simulate t he degra­
dation phenomenas observed at Originals on model 
enamels and to investigate the fundamental degra­
dation mechanisms. 



Table 1. Nominal compositions (in wt%) of the enamel types A, B, C and D 

enamel 
type 

Si02 K2O Na20 CaO MgO AI2O3 Fe203 MnO CoO CuO SO3 Cl PbO SnO 

Α 54.2 28.2 17.0 _ — — _ _ — _ _ _ 
Β 59.0 13.4 II.2 6.6 1.6 2.5 0.5 4.1 - - - 0.7 -

C 68.2 2.7 21.9 0.6 - 0.7 0.7 - 0.7 2.7 0.9 0.8 -

D 40.0 5.2 11.6 0.17 1.5 2.0 0.09 0.07 - 0.23 - - 17.0 21.0 

2. Experimental 
For the p repa ra t ion of so-called m o d e l enamels three 
different alkali a lkal ine-ear th Silicate glass composi t ions 
A, Β a n d C (table 1) were chosen which were expected 
to show a different chemical resistance. Compos i t ion A, 
a colourless potass ium-ca lc ium Silicate glass, is identical 
wi th the compos i t ion of a mode l glass which has been 
developed at the Fraunhofer - Ins t i tu t für Silicatfor­
schung ( ISC), W ü r z b u r g (Germany) , a n d which is 
k n o w n to be very sensitive to chemical a t t ack [10]. Com­
posi t ion Β (a mixed-alkal i Silicate glass wi th a reddish 
colour) a n d C (a sod ium sihcate glass wi th a blue colour) 
were selected according to the results of chemical 
e lementary analysis of original enamels f rom the 15th to 
the 18th centuries [1 a n d 5]. In a d d i d o n , an opaque 
white lead-t in Silicate glass was selected (composi t ion D, 
table 1) because it is described in [5] to be m o r e resistant 
to a tmospher ic a t tack t h a n the alkali alkaline-earth 
Silicate enamels . 

C o p p e r was used as meta l Substrate since this ma­
terial al lows one to study two influences of the Substrate 
on the enamel degrada ton : the effect of different thermal 
expans ion coefficients of enamel a n d me ta l and the 
effect of the corrosion of the meta l Substrate itself For 
the p repa ra t ion of the mode l enamels c o p p e r plates were 
cut in to pieces with a size of (15 X 15 X 1) m m l 

T h e glasses were melted in a P t - R h crucible at tem­
pera tures of 1400 to 1500°C a n d after 1 h poured on to 
a brass plate, then crushed and remel ted for another 
h o u r to improve their homogenei ty. T h e glasses were 
pou red ou t a second t ime and g round subsequently. For 
the reproduc t ion of a cons tan t thickness of the enamel 
layer the mass of the glass powder needed for a defined 
thickness was calculated and weighed. T h e fraction of 
20 to 63 p m was applied on the coppe r plates with a 
d r o p of distilled water. After drying in two steps (at 60 
a n d at 200 °C, 5 min each) the samples were heated to 
tempera tures between 830 and 900 °C for 5 min. The 
character is t ic da t a of the glasses (density, t ransformat ion 
tempera ture , t he rma l expans ion coefficient and hemi-
spheric tempera ture) were measured . T h e da ta are sum­
mar ized in table 2 together with the tempera ture chosen 
for the enamel l ing process of each glass composi t ion. 

Three different k inds of samples were produced from 
each compos i t ion : enamel layers wi th two different 
thicknesses (0.5 and 0.25 m m ) , b o t h "slowly" cooled 
d o w n on a ceramic plate to r o o m a tmosphe re with the 

natural cooling rate in order to avoid cracks, and one 
series of specimens "rapidly" cooled down (thickness of 
enamel layer: 0.5 m m ) where cracks were artificially 
generated by spraying distilled water on to the w a r m 
enamel surface. Figure 1 shows some examples of the 
prepared model enamels. 

The degradat ion phenomena induced by en­
vironmental stress were simulated in a climate Cham­
ber with a Programme with cyclic temperature and rela­
tive humidi ty regulation (programme 1: temperature: 
40 ° C > 1̂  > - 2 0 °C, relative humidity: 95 % > 1̂  > 30 % ) . 
The period of one cycle was 12 h and the model enamels 
were exposed to that p rogramme for up to 7 d. Α second 
weathering p rogramme (programme 2) was chosen to 
invesdgate the damaging effect of pol lutants : 10 p p m 
SO2 were addit ionally fed into the climate Chamber 
using the same temperature and humidity cycles as de­
scribed for Programme 1. The total weathering time for 
the specimens was again 7 d. 

The corrosion progress of the enamels was followed 
by nondestruct ive me thods like infrared (IR) reflectance 
spectroscopy and light microscopy after 4 h (programme 
2 only), 1, 3 and 7 d exposure. For the identification of 
the corrosion products on the enamel surface reference 
IR spectroscopic measurements were carried out on pure 
salts. The character izat ion of the samples was completed 
by investigations with Scanning electron microscopy and 
energy dispersive element analysis [11]. 

3. Results and Discussion 
3.1 Chemica l a t tack of the a tmosphere 

The influence of the a tmosphere on the degradat ion of 
the enamel surfaces will first be described for enamel 
type C which was remelted according to an original 
composi t ion and which has a med ium chemical resist­
ance to acidic a t tack compared to the other model 
enamels. 

Figures 2a to c show light microscopie pr ints of the 
surfaces of model enamels of type C before weathering 
and after being exposed to programme 1 (without SO2) 
and Programme 2 (with SO2). The exposure d m e was 7 d 
for each sample. A n increasing formation of crystalline 
corrosion products after exposure in the S02-contami-
nated a tmosphere has been observed. 



Table 2. Characteristie data and enamelling temperature of the enamel types A, B, C and D 

enamel Α enamel Β enamel C enamel D 

density in g · cm""^ 2.6 2.6 2.5 3.3 

transformation temperature Tg in °C 610 500 440 -

thermal expansion coefficient 
«2o-3oo°c in 10 -6 K - i 12.3 11.4 12.2 — 

hemispheric temperature in °C 880 810 810 870 

firing temperature for the 
enamelling process in °C 900 830 850 880 

Figure 3 represents the I R reflectance spectra of the 
same type of model enamel recorded after different 
times of exposure in p rogramme 1. The significant ab­
sorption bands at 1065 and 1005 c m " ^ of the spectra 
before weathering derive from the S i - O - S i Vibration 
(S-peak) and the S i - O - X v ibradon (SX-peak, with 
X = N a , K, Ca). Α shift of the SX-peak from 1005 cm"^ 
to lower wave numbers (960 cm~^) is assigned to the 
leaching of alkah and alkaline-earth ions from the 
enamel surface. Besides, a shift of the S-peak from 
1065 c m " ' to higher wave numbers (up to 1075 c m " ' ) 
was observed. This proved that there was a generation 
of ion exchange processes on the enamel surface [3] and 
the formation of a silica-rich surface layer, the so-called 
gel layer, due to the at tack of the atmosphere. Based on 
comparat ive measurements on other enamels (e.g. the 
more sensitive model enamels of type A) and on selected 
pure salts, the low intensity absorpt ion band at 
1450 c m " ' could be identified to derive from a carbon­
ate Compound. The leached alkali-ions on the enamel 
surface had reacted with C O 2 from the atmosphere and 
had formed crystalline corrosion products. 

In contrast , figure 4 shows the IR reflectance spectra 
of an enamel surface before and after weathering in an 
S 0 2 - c o n t a m i n a t e d atmosphere. After 4 h crystalline 
corrosion products formed a crust on the enamel sur­
face. The peaks belonging to these corrosion products 
(1150 and 620 c m " ' ) are superimposed on the spectrum 
of the leached enamel surface: they could be identified 
as sodium sulphate [11]. The changes in the spectra of 
the leached enamel surface (the shifts of the S-peak from 
1065 to 1090 c m " ' and the SX-peak from 1005 to 
930 c m " ' ) could be observed only after the removal of 
the corrosion crust from the enamel surface. The 
contaminat ion of the a tmosphere with S O 2 accelerated 
the degradadon process. 

Compared to enamel type C enamels with com­
position Α showed more severe degradat ion after 
weathering in the climate Chamber. Α dense layer of 
corrosion products on the enamel surface was produced 
in the "c lean" a tmosphere (programme 1) after 7 d and 
in S 0 2 - c o n t a m i n a t e d a tmosphere (programme 2) only 
after 4 h. Figure 5 represents the IR reflectance spectra 
of the enamel surfaces of composi t ion Α before and 
after weathering with bo th Simulation programmes. 

Figure 1. Model enamels. 

Acco rd ing to enamel type C the cor ros ion p r o d u c t s on 
the weathered surface could be identified as c a r b o n a t e s 
in the case of weather ing in an S 0 2 - f r e e a t m o s p h e r e a n d 
sulphates for weather ing in an S 0 2 - c o n t a m i n a t e d a t m o s ­
phere. After an exposure t ime of 7 d in the cl imate 
Chamber the corros ion p roduc t s of some samples were 
removed a n d microcracking of the gel layer cou ld 
be observed. Weather ing in the a tmosphe re wi th S O 2 
(figure 6) p roduced m o r e a n d deeper mic rocracks t h a n 
weather ing in the n o n c o n t a m i n a t e d a tmosphere . 

E n a m e l types Β and D h a d a bet ter chemical resist­
ance. Only a few crystals wi th a size smaller t h a n 5 p m 
could be detected by light microscopy a n d n o micro­
c rack ing was found on the enamel surface. T h e I R re­
flectance spectra in b o t h cases showed less c h a n g e t h a n 
those of enamel compos i t ion C. 

3.2 Mechan ica l d a m a g e c a u s e d by c h a n g e s in 
t e m p e r a t u r e a n d relative humid i t y 

For the evaluat ion of the mechanica l d a m a g e of the 
enamel layer, it is necessary to dis t inguish be tween two 
k inds of cracks: microcracks which can be observed 
especially in the gel layer (figure 6) a n d m a c r o c r a c k s 
which run across b o t h the gel layer a n d the glass bulk 
(figure 7). 

T h e generat ion of macrocracks , as observed on 
Originals, no t only depends on the chemical resistance of 
the enamels bu t also on the stress in the compos i t e of 
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Figures 2a to c. Light microseopic prints of model enamel of 
composition C; a) enamel surface before weathering; b) enamel 
surface after 7 d weathering with programme 1 (without SO2); 
c) enamel surface after 7 d weathering with programme 2 
(with SO2). 

enamel a n d meta l . Invest igat ions of the condi t ions under 
which enamels show m a c r o - as well as microcracking 
were carr ied ou t on mode l enamels wi th two different 
thicknesses of the enamel layer (0.5 a n d 0.25 mm). The 
same accelerated weather ing c o n d i d o n s as before 
(p rog rammes 1 a n d 2) were used. 
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Figure 3. Infrared reflectance spectra of a model enamel of 
composiüon C as a funcdon of the weathering time (exposure 
to Programme 1, without SO2). 
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Figure 4. Infrared reflectance spectra of a model enamel of 
composition C as a funcdon of the weathering time (exposure 
to Programme 2, with SO2). 
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Figure 5. Infrared reflectance spectra of a model enamel of 
composition Α before weathering and after being exposed to 
Programme 1 (without SO9, 7 d) or programme 2 (with SO2, 
4 h). 



Figure 6. Light mieroscopic prints of model enamel of com­
position A, enamel surface after 7 d weathering with pro­
gramme 2 (with SO2) and removing of the corrosion crust. 

^ 1 mm 

Figure 7. Light microscopie prints of model enamel of com­
position A, enamel surface after 7 d weathering with pro­
gramme 1 (without SO2). 

Dur ing the exposure t ime of 7 d microcracks were 
observed only on model enamels with composi t ion A. 
The degree of cracking in the gel layer depends on the 
selected programme and increased with the chemical 
at tack on the enamel surface. 

Only one of the th inner (0.25 mm) enamel layers 
(composit ion A) showed a nar row macrocrack after 7 d 
exposure in programme 2. O n model enamels of com­
pos idons Α and Β with enamel layers of 0.5 m m thick­
ness, however, heavy macrocrack generation was ob­
served on samples having passed bo th weathering 
programmes (figure 7 ) . O n model enamels of type C 
with an enamel layer of 0.5 m m some very narrow long 
macrocracks were observed after one week of weathering 
with S 0 2 - c o n t a m i n a t e d atmosphere. These tiny cracks 
were examined only by light microscope and with a 
200-fold magnification. The model enamels of type D 
seemed to be the most stable, because after 7 d weather­
ing even with polluted a tmosphere they did not show 
any cracks. 

In Order to confirm these observations, the mechan­
ical stresses within the enamel and the metal (copper) 
were assessed in the following way: For a metal plate 
which is enamelled only on one side, a bending of the 
plate due to the compressive strain in the enamel is 
observed. This results in a d is t r ibuüon of the stress 
which varies in the cross section of the composi te 
material (figure 8 [12 and 13]). According to [12 and 13] 
the stress in the enamel layer and in the metal 
Substrate can be calculated as a function of the distance 
X to the enamel/metal interface, if the bending of the 
Substrate is taken into account . The general stress σ can 
be described by 

σ = 8 • Ε/(\-μ) (1) 

where σ > 0 = tensile stress, σ < 0 = compressive strain, 
ε = extension, Ε = modu lus of elasticity, and μ = pois­
son's ratio. 

ENAMEL 

— NEUTRAL 

SURFACE 

Figure 8. Distribution of the stresses in an enamel/metal com­
posite according to [12 and 13]. 

T h e s u b s ü t u ü o n of ε in e q u a d o n (1) by funcdons of 
the modu l i of elasticity, the t he rma l expans ion co ­
efficients, the thicknesses and the Poisson's r a ü o s of 
enamel and meta l inclusing the t empera tu re of sohd i ­
fication ahows to calculate the stresses a n d [12]. 

Table 3 summar izes the values needed for the cal­
cula t ions for the enamel c o m p o s i d o n s A, Β a n d C. 
F o r a compar i son the stresses a n d at the sur­
face of the enamel a n d the meta l a n d at the interface 
ename l /me ta l were calculated. For enamel c o m p o s i ü o n 
D no t ah da ta could be ob ta ined . T h e results a re 
presented in table 4 for the enamel thickness of 0.25 m m 
a n d in table 5 for the enamel thickness of 0.5 m m . 



Table 3. Values for the calculation of the stresses in the enamel/metal composite 

copper enamel Α enamel Β enamel C 

sohdification temperature Tsoi 
(here: Tg in °C 610 500 440 

thermal expansion coefficient 
ö:20-Tg in 10"^ K-^^) 

18.5 (enamel A ) 
18.1 (enamel B) 
17.7 (enamel C) 

13.7 13.3 13.1 

thickness d in mm 1.0 0.5; 0.25 0.5; 0.25 0.5; 0.25 

modulus of elasticity Ε in GPa -̂^ 125 61.4 62.6 63.9 

Poisson's ratio μ^"^ 0.35 0.29 0.23 0.22 

enamels: measured 
copper 
copper 
copper 

in [14]; enamels: measured 
in [15]; enamels: calculated according to Winkelmann and Schott in [16] 
in [17]; enamels: calculated according to Winkelmann and Schott in [16] 

Table 4. Results of the calculadon of the stresses according to [11 and 12] for a thickness of 0.25 mm for the enamel layer and of 
1.0 mm for the metal Substrate 

stresses in the metal in MPa Δσ at the interface stresses in the enamel in MPa 
σ^{χ= - 1 . 0 mm) {χ = 0 mm) {χ - 0 mm) {χ = 0.25 mm) 

enamel Α 
enamel Β 
enamel C 

-107 186 344 
- 8 8 152 275 
- 7 3 126 228 

-158 -127 
-123 - 9 7 
-102 - 8 1 

Table 5. Results of the calculation of the stresses according to [11 and 12] for a thickness of 0.5 mm for the enamel layer and of 
1.0 mm for the metal Substrate 

stresses in the metal in MPa Δσ at the interface stresses in the enamel in MPa 
(jc = 1.0 mm) σ^{χ = 0 mm) ö-g {x = 0 mm) CTg (x = 0.5 mm) 

enamel Α 
enamel Β 
enamel C 

-152 247 378 
-127 205 305 
-104 170 253 

-131 - 4 2 
-100 - 3 0 

- 8 3 - 2 5 

Δσ represents the difference between the compressive 
strain in the enamel and the tensile stress in the metal at 
the interface enamel /meta l (x = 0 m m ) . 

It is k n o w n that the possibili ty of a macrocrack 
genera t ion in the enamel layer increases wi th a decreas­
ing compressive strain in the enamel surface and an in­
creasing stress difference Δσ at the enamel /meta l in­
terface. Α compar i son of the values in tables 4 and 5 
shows that the sensitivity for crack generat ion in de-
pendance of the enamel compos i t ions decreases in the 
following way: Α > Β > C. As expected, thinner enamel 
layers should be m o r e stable against mechanica l stresses 
t h a n thicker layers. 

In a d d i d o n to the stress within the object itself, the 
var ia t ions of stress due to the t empera tu re changes 
du r ing the weather ing cycle were assessed according to 
equa t ion (2) 

σ = AT Aa • Ε . (2) 

For tempera ture changes of AT = 60 Κ (both pro­
grammes: - 2 0 to 40 °C) an average of σ ~ 17 M P a 
could be obta ined. The assessed values of stresses in­
duced by accelerated weathering (ca. 17 M P a ) and the 
assessed values of stresses of the compressive strain in 
the enamel surface (25 to 42 MPa) are of the same order 
of magni tude. If the compressive strain in the enamel 
surface could be overcompensated by the induced stress, 
the generated tensile stress will lead to a crack growth. 
Therefore, it can be concluded that the macrocracks in 
the thicker enamel layers were caused by the change in 
temperature. 

3.3 Effect of mechanica l p re -damage 

Macrocracks that have been caused, e.g., by former 
rough handl ing of the object, can also affect the degra­
dat ion process. In a humid atmosphere a thin film of 
water molecules Covers the enamel surface. The thickness 
of this film depends on the relative humidi ty and 
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Figure 9. Light microscopie prints of model enamel of com­
position C, crystal growth in macrocracks on a pre-damaged 
enamel after 1 d exposure to programme 2 (with SO2). 

changes in the relative humidi ty cause drying and 
humidifying of the enamel surface. Dur ing the drying of 
the surface, capillary forces retain the water at the end 
of the cracks and the surface in the crack is drying more 
slowly. The corrosion process therefore will be accel­
erated in these cracks compared to the corrosion rate 
beneath the cracks. 

Besides, the growth of crystals in the macrocracks 
can induce mechanical stress in the enamel layer. This 
leads to the growth of cracks and fmally to a flaking off 
of enamel splinters. As an example figure 9 shows a pre-
damaged model enamel of type C and the growth of 
crystals in the cracks after 1 d exposure in the climate 
Chamber with SO2. Especially for the model enamels of 
type Α and C with a lower chemical resistance the flak­
ing off initiated by crystal growth was observed. 

The degree of damage depends on the induced 
stresses and therefore on the extent of pre-damage as 
well as on the type of crystals. Some kinds of crystals 
e.g. sodium carbonate or sodium sulphate have a high 
expansion depending on the degree of hydration. Their 
expansion of volume can reach up to 4 0 0 % . These salts 
have the same destructive effect in the cracks of the en­
amels as already known for the pores of natural stone. 

3.4 Effect of the Substrate 

The metal Substrate influences the enamel degradat ion 
mainly in two ways. The first, described in the literature 
[1 ,7 and 8], depends on the difference of thermal expan­
sion of metal and enamel. Especially the high thermal ex­
pansion coefficient of silver (a !o -3oo°c = 20.3 · 10"^ K " ' 
[13]) compared to gold ( a o - 3 o o ° c = 14.8 · 10"^ K " ' [13]) 
and copper (a :o-3oo°c = 17.2 · 10"^ K " ' [13]) leads to a 
higher loss of the enamel layer which can reach up to 
7 0 % of the enamelled silver surface [7]. 

The second effect depends on the corrosion of the 
metal Substrate itself Especially copper shows heavy 
corrosion phenomena under acidic condit ions like in 

wea ther ing p r o g r a m m e 2 (with SO2). C o p p e r salts wh ich 
migra te from the cor roding copper Substrate in to t he 
c racks of the enamel layer can cause stress in the e n a m e l 
layer. This t o o can lead to the g rowth of the c racks a n d 
finally t o the flaking off of enamel sphnters . Besides, 
c o n t a m i n a t e d water can penet ra te in to deep c racks a n d 
cause the corros ion of the copper Substrate u n d e r the 
enamel layer. Especially on the colourless enamel type Α 
which is very sensitive to chemical a n d mechan i ca l 
a t t ack the green copper sulphates from the co r ros ion 
progress could be identified at the edges of the m o d e l 
enamels a n d in deep cracks in the enamel layer. 

4. Conclusion 
T h e typical d e g r a d a d o n p h e n o m e n a like loss of glos­
siness, c racking a n d flaking off of the enamel layer have 
been successfully reproduced on mode l enamels by ac­
celerated weather ing in a cl imate Chamber. It was found 
tha t the enamel degrada t ion is a complex in te rac t ion 
be tween different chemical a n d mechanica l effects. 

I o n exchange processes accelerated by acidic po l ­
lu t an t s such as SO2 weaken the glass surface, a gel layer 
wi th a lower mechanica l resistance c o m p a r e d to the bu lk 
glass is formed. Addi t ional ly the enamels suffer f rom 
mechan ica l stresses due to the different t h e r m a l expan­
sion coefficients of enamel a n d meta l . These bas ic 
stresses in the mode l samples themselves were assessed 
by a calculat ion according to [12 a n d 13] to es t imate t he 
stability of different enamel compos idons . T h e calcu­
la t ions could be qualitatively conf i rmed by exper imenta l 
d a t a which show tha t one of the ma in deg rada t ion fac­
to rs is the mechanica l stress in the enamel layer. T h e 
stress is influenced by factors like changes of t empera ­
tu re o r the chemical d e g r a d a d o n of the objects. C o r ­
ros ion p roduc t s deriving from the enamel layer o r me ta l 
Substrate can grow in cracks and widen them. Even 
changes in the relative humid i ty can have an add i t iona l 
destruct ive effect. If the humid i ty is decreasing, the gel 
layer is dry ing a n d forming microcracks . These mic ro ­
c racks can be s tar t ing po in t s for subsequen t m a c r o ­
cracks. 

W i t h these Simulation exper iments the d e p e n d a n c e 
of the degrada t ion process of enamels o n env i ronmenta l 
Pa rame te r s could be studied. Firs t r e c o m m e n d a t i o n s on 
s torage condi t ions for endangered objects were der ived. 
F u r t h e r exper iments will include investigations on the 
corrosive effects of formaldehyde a n d acetic acid. 
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