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Abstract

Forty-three sherds of crucible found in the pre-industrial (1699—1714 AD) forest glassworks of Derriere Sairoche (Ct. Bern, Switzerland)
were studied in order to determine the nature of raw materials and the technological aspects of their production and use. The samples were
analysed using optical microscopy, XRD, XRF, UV—VIS spectrometry and SEM/EDS.

The crucibles were produced with local natural clayey sand and fired in two steps. After preliminary firing in a low-temperature furnace
(800—1000 °C), the crucibles were brought to temperatures up to 1500 °C within the glass-melting furnace, before adding the glass batch. Using
the structural order of cristobalite as an archaeothermometer, temperatures between 1370 and 1500 °C were estimated. The crucible surface
shows corrosion by glass and furnace gases. Connections between glassmaking and crucible production are emphasised by this study.
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1. Introduction

Crucibles are as important as melting furnaces in glassmak-
ing. Good crucibles provide refractory behavior (high soften-
ing point), no chemical contamination (very low
concentration of transition metals) and mechanical strength
(thermal shock resistance). Since the Middle Ages, many trea-
tises on glass discussed crucibles as fundamental tools in get-
ting good quality glass. Theophilus (12th century) suggested
making crucibles with a “white clay”” and once dry, putting
them in the “incandescent furnace’ [23].

In De la pirotechnia (1540) Biringuccio [41] wrote that
both the crucibles and the refractory lining of the melting fur-
nace were made from the same fire-resistant clay (i.e. Valencia
clay and Treguanda clay). After a long drying period (six or
eight months), crucibles were heated in the fritting oven until
they became red-hot, and then were moved with tongs, as
quickly as possible, to the melting furnace for the last heating.
Merret [30] in his translation of L’Arte vetraria by A. Neri
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(1612), quotes some source of refractory clays in England
and describes the way they should be processed to get good
crucibles. A distinction between large pots for cristallo and
small pots for colored glass was made as well. The Encyclopé-
die by Diderot and D’ Alembert [11] dedicated volume 17 to
glassmaking. In addition to a description of the operating
chain in glass production, they also showed how to build the
furnaces and make pots. The recycling of broken crucibles
as temper for new crucibles and for refractory materials was
suggested to reduce shrinkage. Crucibles were fired in two
steps in a similar way as reported by Biringuccio [41].
These authors recommended maximum care for crucible
production and for the construction of the melting furnace.
The technology for producing crucibles depends on glass com-
position. During the Roman period, the glass had lower
liquidus temperatures (900—1100 °C) and common ware
could be used as crucibles [24,36,40], while in the Middle
Ages, crucibles were produced starting from silicatic raw ma-
terials able to yield during firing a phase association stable at
high temperatures. The technological and pyrotechnological
evolution caused by the higher liquidus temperatures (1000—
1400 °C) of wood-ash glass demanded more performing raw
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materials and a better exploitation of combustibles [6,7,13,45].
Owing to this technological dependence glass, crucibles and
melting furnace can be considered as parts of the same system,
as well as the pyrotechnology needed to melt a given glass.
For these reasons in northern European glasshouses, each
part was managed by glassmakers [7,31,34].

2. Crucibles from Derriére Sairoche

In the Jura region, dozens of pre-industrial glassworks
(17th—19th century) have been localised by historical and ar-
chaeological researches [2,17—19]. Excavations carried out by
the Archaeological Survey of the Canton Bern in the glassworks
of Derriére Sairoche (1699—1714 AD), one of four glassworks
situated in the Chaluet Valley (Court) (Fig. 1), brought to light
the workshop area and the glassmakers’ dwellings [17—19]. Be-
tween 2000 and 2003, in the workshop area, a great quantity of
small fragments of crucibles was found. In five cases it was pos-
sible to restore the crucibles and get an idea of the original fea-
tures (Fig. 2). Although the restored crucibles are typologically
the same, some differences in shape and dimension, exclude
forming in mould. Hence, the crucibles were formed almost cer-
tainly by coil-building technique, as is still used in modern times
for artistic glassmaking [20]. The operative volume, calculated
on the base of their mean dimensions (Fig. 3), is about 15 1. The
oval shape was useful to save space in the melting chamber and
to place the crucibles into the furnace through narrow apertures.
The melting furnace of Derriere Sairoche had 10 glory holes in
the sidewalls, which corresponded to five crucibles per siege [2]
(Fig. 4). The use at high temperatures left different wear marks
on the crucibles. The corrosive effect of glass on the crucible
body is more evident on the inner surface, which was continu-
ously in contact with it, whereas the outer surface reveals shrink-
age crack networks (Fig. 5) according to the closeness to the
flame and shows surface vitrification. The wall thickness is
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Fig. 1. The glassworks of Derriére Sairoche in Canton Bern (shaded area).

Fig. 2. A restored glass-melting crucible from Derriere Sairoche.

about 3 cm next to the bottom decreasing to as little as 1 cm in
the rim. The opposite curved parts of the wall (long axis) are yel-
low-orange and grey, respectively. In each crucible the grey core
corresponds to the surface parts with more fracture network.
These observations were helpful in figuring out the position of
the 43 analysed fragments within the pot and lead to a better un-
derstanding of the technological aspects concerning both cruci-
ble production and use. The crucible body is not homogeneous.
Generally, one can distinguish the crystalline core, the inner sur-
face in contact with batch glass and the outer vitrified surface
(Fig. 6). By analysing the core, it is possible to answer the ques-
tions concerning the nature of the raw materials, the way they
were processed and the transformations that occurred during fir-
ing and use. The surfaces, on the other hand, provide some infor-
mation about the interaction with the exterior in the melting
furnace. A petrological approach to the study was useful to (1)
determine the original mineral composition of the crucibles;
(2) demonstrate whether or not broken crucibles were used as
temper; (3) estimate the temperature range to which the cruci-
bles were exposed; (4) prove whether crucibles were fired and
used in the melting furnace; (5) investigate the effect of chemi-
cal contamination on the surface of the crucible body.

A description of the analytical methods is provided in
Appendix 1.

1=23 cm L=50cm

h=25cm

Fig. 3. Graphical reconstruction based on the mean dimensions of the restored
crucibles.
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Fig. 4. Schematic plan of the melting furnace of Derriere Sairoche, showing
the position of the crucibles during its activity.

3. Results
3.1. Original mineral composition

Under the petrographical microscope, monocrystalline
quartz is the only recognizable component of the originally

non-plastic fraction of the crucibles. Table 1 shows the ana-
lysed samples with their relative mineral compositions,

outside

5cm

batch glass

surface in contact
with glass

Fig. 5. Side of the crucible close to flame. Note the crack network on the sur-
face due to thermal stress.

obtained by XRD analysis. XRF analyses revealed that SiO,
and Al,O3 occur as major components, followed by TiO,
which rarely exceeds 1 wt.% (Table 2). The low content of al-
kali and alkaline earth elements (<1 wt.%) points to an orig-
inal clay matrix consisting mainly of kaolinite. Thanks to their
simple chemical composition, which can be approximated to
SiO, and Al,Oj3, a theoretical mineralogical composition of
the raw materials can be obtained by normative calculation,
assigning all Al,O3 to kaolinite and the excess of SiO, to
quartz (Table 3). Normative quartz varies between 76 and 84

crystalline

vitrified surface
core

'

Fig. 6. Photo of sample ER28 (left) and schematic sketch (right) of the three recurrent structural portions: the inner surface in contact with batch glass, the crys-

talline core and the outer vitrified surface.
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Table 1
Macroscopic characteristics and mineral content determined by XRD

Sample Colour Thickness dgi01) Crs Mineral content
(mm) (nm)

ER21 grey 27 0.4059 Crs + Qtz + Mul

ER22 yellow 27 0.4061 Crs + Qtz + Trd + Mul
ER23 yellow 25 0.4062 Crs + Qtz + Trd + Mul
ER24 grey 22 0.4062 Crs + Qtz + Trd + Mul
ER25 violet 22 0.4063 Crs + Qtz + Trd + Mul
ER26 yellow 30 0.4062 Crs + Qtz + Trd + Mul
ER27 yellow 25 0.4063 Crs + Qtz + Trd + Mul
ER28 grey 28 0.4059 Crs + Qtz + Trd + Mul
ER29 yellow 36 0.4066 Crs + Qtz + Mul

ER30 yellow 31 0.4063 Crs + Qtz + Trd + Mul
ER31 grey 25 0.4059 Crs + Qtz + Trd + Mul
ER32 grey 35 0.4064 Crs + Qtz + Trd + Mul
ER33 yellow 27 0.4060 Crs + Qtz + Trd + Mul
ER34 yellow 32 0.4061 Crs + Qtz + Trd + Mul
ER35 yellow 16 0.4064 Crs + Qtz + Trd + Mul
ER36 grey 27 0.4064 Crs + Qtz + Trd + Mul
ER37 grey 18 0.4060 Crs + Qtz + Trd + Mul
ER38 yellow 17 0.4064 Crs + Qtz + Trd + Mul
ER39 yellow 31 0.4059 Crs + Qtz + Trd + Mul
ER40 yellow 24 0.4060 Crs + Qtz + Trd + Mul
ER41 grey 24 0.4063 Crs + Qtz + Mul

ER42 grey 18 0.4066 Crs + Qtz + Trd + Mul
ER43 yellow 16 0.4061 Crs + Qtz + Trd + Mul
ER44 yellow 25 0.4064 Crs + Qtz + Trd + Mul
ER45 yellow 23 0.4064 Crs + Qtz + Trd + Mul
ER46 yellow 14 0.4068 Crs + Qtz + Mul

ER47 grey 14 0.4064 Crs + Qtz + Trd + Mul
ER48 grey 13 0.4066 Crs + Qtz + Trd + Mul
ER49 yellow 15 0.4066 Crs + Qtz + Mul

ER50 yellow 16 0.4059 Crs + Qtz + Trd + Mul
ER51 grey 15 0.4066 Crs + Qtz + Trd + Mul
ER52 yellow 11 0.4066 Crs + Qtz + Trd + Mul
ERS53 grey 13 0.4066 Crs + Qtz + Trd + Mul
ER54 grey 16 0.4066 Crs + Qtz + Trd + Mul
ER55 grey 15 0.4063 Crs + Qtz + Trd + Mul
ER56 grey 12 0.4066 Crs + Qtz + Trd + Mul
ER57 grey 17 0.4066 Crs + Qtz + Trd + Mul
ERS58 yellow 17 0.4064 Crs + Qtz + Trd + Mul
ER59 grey 18 0.4062 Crs + Qtz + Trd + Mul
ER60 yellow 18 0.4061 Crs + Qtz + Trd + Mul
ER61 grey 18 0.4063 Crs + Qtz + Trd + Mul
ER62 yellow 33 0.4059 Crs + Qtz + Trd + Mul
ER65 grey 25 0.4059 Crs + Qtz + Trd + Mul

Mineral abbreviations: cristobalite (Crs); tridymite (Trd); quartz (Qtz); mullite
(Mul).

wt.%. As kaolinite and quartz have almost the same density
(Porz = 2.65 vs. pxin = 2.61—2.68), the normative quantities
can be approximated as modal. The grain-size analysis on
thin section of the crucibles reported by Eramo [14] shows
that the sand fraction (J >63 um) is comprised between
31.43 and 75.00 wt.%. Differences between the normative
and modal quantities of quartz are due to the fine grains (J
<63 um) which were not counted in the grain-size analysis
in thin section. Furthermore, in the same study, principal com-
ponent analysis (PCA) applied to grain-size and chemical var-
iables of the crucibles, as well as of the refractory fragments of
the melting furnace and of the refractory earth (Hupper sand)
sampled in proximity of Derriere Sairoche revealed strong

affinities between the archaeological samples and some of
the raw materials. This means that it was possible to exploit
a refractory earth which naturally has the grain-size and chem-
ical features of the crucibles, without any further processing
(i.e. tempering or refining).

3.2. Recycling

The crucible fragments found in the workshop area are only
few centimetres in size, pointing to an intentional breaking af-
ter their use. According to many authors [7,31,34,35], used
crucibles were broken, milled and sieved to recycle them as
temper. An example of this practice is reported in the plate
VII of the Encyclopédie by Diderot and D’ Alembert [11]. As
for the crucibles of Derriere Sairoche, there is no petrographic
evidence of crucible fragments in the ceramic body. It must be
kept in mind that even if the crucibles were tempered with
very fine fragments it is difficult to detect under the micro-
scope, some chemical contamination due to glass adhering
to the surface must have been unavoidable. The glass produced
in Derriere Sairoche contains about 20 wt.% of CaO and 10
wt.% of K,O [44,45], while these two oxides do exceed 1
wt.% neither in the crucibles nor in the Hupper sand (Table 2).
It should be considered that a hypothetical recycle of 20 wt.%
of crucible fragments as temper, contaminated with 10 wt.% of
batch glass, would have increased the concentrations of CaO
and K5O, respectively, by 0.50 and 0.25 wt.% in the analysed
crucibles. Although this calculation takes into account reason-
able quantities of temper and levels of batch glass contamina-
tion, CaO and K,O concentrations in the analysed crucibles do
not significantly differ from those of the Hupper sand. The re-
sults of PCA reported by Eramo [14], carried out on grain-size
and chemical variables, show a good fit between the crucibles
and some of the refractory earth and make the recycling of
broken crucibles as temper not plausible. On the other hand,
breaking up the used crucibles would have been useful to ob-
tain glass fragments to add as cullet to new batches to help the
melting process.

3.3. Temperature in service conditions

XRD analysis revealed co-occurrence of a-quartz, o-cristo-
balite, o-tridymite (absent in ER21, 29, 41, 46 and 49) and or-
thorhombic mullite (Table 1). The mineralogical reactions
responsible for the mineral composition of the crucible frag-
ments are the dehydroxilation reaction of the kaolinite and
the polymorphic reactions involving quartz. The phase associ-
ation obtained by firing kaolinite at 7 > 1200 °C is ortho-
rhombic mullite (AlgSi»,O;3) and cristobalite [4,5,25,43].
Since cristobalite tends to crystallize or to break up through
f — o inversion into very small crystals [3,41], this feature
could explain the amorphous aspect of the matrix of the cruci-
bles observed under the SEM (Fig. 7), although the XRD spec-
tra do not show a high background due to the occurrence of
amorphous phase.

As discussed in Eramo [14], the estimation of the maxi-
mum temperature reached by the crucible fragments, based
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(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (Wt.%)

ER21 90.54 0.95 8.39 0.61 <0.01 0.17 0.20 0.80 0.23 0.01 101.98 78 61 3 19 36 14 17 26 14 6 359 0.23
ER22 90.83 0.64 827 042 <0.01 0.13 0.21 0.51 0.21 0.01 101.28 o4 67 16 15 18 <6 10 28 13 3 289 0.10
ER23 87.57 097 1145 0.65 <0.01 0.11 0.22 <0.01 0.26 0.02 101.33 62 91 <2 20 18 <6 11 70 16 4 357 0.13
ER24 90.76  0.64 8.25 0.38 <0.01 0.13 0.22 0.22 040 0.01 101.06 73 71 <2 15 32 <6 17 30 12 <2 280 0.11
ER25 90.39 0.76 9.05 035 <0.01 0.09 0.19 0.19 0.38 <0.01 10146 51 62 <2 16 11 <6 14 22 11 <2 252 0.21
ER26 89.34 0.72 9.64 038 <0.01 0.09 0.19 <0.01 0.33 0.01 100.76 68 71 <2 14 20 <6 8 19 11 <2 256 0.22
ER27 91.83 0.65 7.65 032 <0.01 0.15 0.13 0.18 0.16 <0.01 101.12 65 61 <2 16 17 <6 9 22 12 2 285 0.11
ER28 87.88  0.89 11.11  0.57 <0.01 0.09 0.23 0.15 0.25 0.02 101.23 75 78 <2 19 26 <6 10 24 13 2 278 0.24
ER29 90.21 0.81 9.66 0.51 <0.01 0.09 0.20 0.03 0.07 <0.01 101.65 39 70 <2 15 31 12 5 19 11 5 277 0.15
ER30 91.22 0.63 8.36 043 <0.01 0.14 0.23 0.10 0.21 0.01 101.37 50 66 <2 16 20 <6 9 29 14 <2 296 0.11
ER31 90.84 0.64 8.47 0.40 <0.01 0.18 0.18 0.05 0.34 0.01 101.18 78 67 <2 13 37 <6 20 26 12 5 324 0.09
ER32 89.76  0.70 940 0.54 <0.01 0.08 0.17 0.06 0.12 0.01 100.88 34 77 4 14 33 <6 4 23 11 <2 294 0.17
ER33 91.38 0.64 8.30 042 <0.01 0.13 0.19 0.08 0.20 0.01 101.40 68 75 <2 14 29 8 13 28 14 2 279 0.09
ER34 87.72 0.72 1145 0.50 <0.01 0.07 0.21 0.09 0.07 <0.01 10090 65 90 <2 16 24 10 3 29 14 4 292 0.14
ER35 89.84 0.67 9.40 0.32 <0.01 0.11 0.14 0.27 0.28 0.02 101.13 78 68 <2 16 65 <6 17 29 16 <2 289 0.12
ER36 87.22 0.82 11.55 0.34 <0.01 0.07 0.16 0.48 0.54 0.01 101.24 49 84 <2 18 49 <6 21 23 12 <2 305 0.23
ER37 91.50 0.59 733 033 <0.01 0.15 0.13 0.21 0.26 <0.01 100.58 89 56 <2 15 47 <6 13 21 12 <2 301 0.10
ER38 88.39  0.92 1020 0.48 <0.01 0.07 0.18 0.05 0.26 0.01 100.62 44 74 <2 17 27 <6 6 18 13 <2 309 0.20
ER39 91.50 0.64 8.55 0.51 <0.01 0.09 0.14 0.46 0.09 <0.01 102.04 45 71 11 14 20 <6 7 21 9 <2 277 0.17
ER40 91.07 0.63 8.31 042 <0.01 0.17 0.19 0.17 0.21 0.01 10126 73 59 <2 15 28 <6 11 27 14 <2 294 0.07
ER41 86.93 0.86 11.58 0.68 <0.01 0.09 0.43 <0.01 0.24 0.01 100.84 70 85 <2 17 27 9 11 28 13 2 286 0.14
ER42 89.92 142 8.07 0.57 <0.01 0.23 0.23 0.14 0.27 0.02 100.92 48 67 <2 28 34 9 13 28 15 11 396 0.08
ER43 92.04 0.59 735 035 <0.01 0.14 0.15 0.20 0.27 0.01 101.16 73 66 <2 15 61 15 16 20 10 <2 299 0.13
ER44 91.19 0.70 8.77 0.35 <0.01 0.12 0.17 0.14 0.16 <0.01 101.67 62 64 <2 17 24 <6 12 21 13 <2 284 0.06
ER45 90.38 0.63 8.52 024 <0.01 0.13 0.17 0.07 0.51 0.02 100.75 67 57 3 16 24 <6 21 27 13 <2 285 0.13
ER46 91.02 1.00 8.56 0.25 <0.01 0.08 0.32 <0.01 0.28 0.16 101.75 48 77 <2 22 28 <6 13 291 13 <2 337 0.19
ER47 90.05 0.72 8.15 0.12 0.02 0.10 0.18 0.10 0.77 <0.01 10030 57 82 <2 17 20 <6 32 23 12 307 309 0.26
ER48 89.67 097 8.84 0.20 <0.01 0.08 0.14 0.16 0.67 0.02 100.85 44 71 <2 20 28 <6 33 48 14 476 343 0.20
ER49 90.16 1.08 847 032 <0.01 0.09 0.17 0.16 0.17 0.03 100.74 42 86 <2 23 27 <6 6 93 12 197 350 0.20
ER50 90.70  0.64 827 043 <0.01 0.14 0.22 0.80 0.24 0.02 101.51 50 74 <2 15 28 <6 12 30 13 31 280 0.10
ERS51 89.72  1.17 8.92 0.32 <0.01 0.09 0.23 0.11 0.16 0.05 100.84 39 79 <2 24 53 <6 7 119 15 21 420 0.08
ER52 87.58 1.09 1095 0.61 <0.01 0.08 0.18 0.28 0.15 0.02 101.00 63 85 <2 23 31 <6 5 62 15 6 352 0.08
ERS53 90.29 1.23 747 0.53 <0.01 0.22 0.32 0.08 0.59 0.02 100.82 55 60 8 26 32 <6 20 26 13 9 354 0.11
ER54 90.34 1.23 743  0.52 <0.01 0.21 0.22 0.02 0.31 0.01 100.37 50 66 <2 26 64 <6 15 27 13 10 353 0.09
ERS5S 9145 0.62 7.79 0.33 <0.01 0.16 0.14 0.19 0.33 <0.01 101.08 73 76 5 14 22 <6 18 21 12 17 305 0.13
ER56 90.07 0.77 8.97 041 <0.01 0.12 0.14 0.02 0.26 0.01 100.83 72 67 <2 18 20 <6 9 27 15 <2 314 0.12
ER57 88.34 0.94 9.89 0.58 <0.01 0.19 0.23 0.08 0.49 0.02 100.81 60 66 <2 20 28 <6 18 34 15 13 346 0.06
ER58 91.96 0.63 7.46 0.33 <0.01 0.13 0.17 0.03 0.58 0.01 101.36 68 68 <2 15 13 <6 14 24 14 3 300 0.12
ER59 88.53 1.38 9.60 0.69 <0.01 0.23 0.23 0.07 0.27 0.01 101.08 39 71 <2 29 47 8 16 28 15 9 393 0.19
ER60 91.78 0.52 7.36  0.40 <0.01 0.15 0.24 0.10 0.30 0.02 100.92 96 65 <2 12 24 <6 20 41 13 2 279 0.13
ER61 90.02 0.64 8.73 0.38 <0.01 0.08 0.30 0.29 0.20 0.01 100.71 39 71 3 14 21 <6 8 27 11 <2 255 0.14
ER62 89.74  0.66 936 041 <0.01 0.08 0.36 0.08 0.11 0.02 100.87 41 70 <2 15 24 <6 5 28 9 <2 246 0.19
ER65 91.88 0.56 7.16  0.57 <0.01 0.11 0.42 <0.01 0.12 0.02 100.87 42 58 <2 13 25 <6 6 18 10 <2 260 0.35
Hupper sand”

Mean 86.76  0.59 8.11 0.97 0.01 0.21 0.44 0.07 0.43 0.06 594 504 93 133 18.8 209 245 69.4 185 20.1 2475 3.1
g 7.66 0.31 582 1.52 0.01 0.24 0.87 0.19 0.69 0.09 100.2  36.5 17.8 5.8 15.5 233 38.7 930 43 274 102.1 1.8

# Chemical data for Hupper sand from Eramo [14].
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Table 3
Normative calculation of the original mineral content of the two samples hav-
ing the extremest compositions of Al,O3 and SiO,

Oxide Wt.% Mol. Kin Qtz Kin Qtz
(mol) (mol) (Wt.%) (Wt.%)
ER43 SiO, 92.04 1.53 0.14 1.39 16 34
AlLO; 7.35 0.07 0.07 /
ER41 SiO, 86.93 1.47 0.22 1.25 25 75
AlLO; 11.58 0.11 0.11 /

Mineral abbreviations and formulae: quartz (Qtz, SiO,); kaolinite (Kln,
Al,053-2Si0,).

on the stability relations between silica polymorphs after
Fenner [15], is not reliable, because tridymite is not a stable
phase in a pure silica system [8,21,22,46]. As tridymite forms
only in the presence of some amount of alkali, its stability field
is not only dependent on temperature and pressure, but
also on chemical composition. In a pure silica system, the
B-quartz <> B-cristobalite transition occurs above 1400 °C
via an amorphous transition phase [46], and the crystalline or-
der of cristobalite increases with temperature [42,47]. The var-
iation of the structural order of cristobalite can be inferred by
the d(;¢1 values, which decrease as the formation temperatures
increase [13,47]. For the crucible fragments from Derriére
Sairoche, d,01y ranges from 0.4059 to 0.4068 nm (+0.0002).
The d(j91) data of cristobalite formed during the experimental
runs at high temperature (1300—1700 °C) carried out by
Eramo [13] on quartz—kaolinite briquettes were used as refer-
ence to estimate the temperature range recorded by the cruci-
bles in the melting furnace. The d(,0,, values obtained in this
study point to a temperature range between 1370 (% 10) and
1500 °C (£50). Because of non-linear relation between cris-
tobalite d(101) values and crystallization temperature, the un-
certainty range of the inferred temperature varies according
d(]o]) values [13]

Such a temperature range agrees well with that estimated
(1330—1500 °C) by the same method [13] for the melting
chamber of the furnace of Derriere Sairoche and with the high-
est liquidus temperature of the glass (1400 °C) produced in
that glassworks [45].

5pum

S~ b

Fig. 7. Columnar microcrystals of mullite embedded in the silica-rich ground-
mass (ER30) (SEM, fresh fracture).

3.4. Two-steps firing

According to Biringuccio [41] and Diderot and D’ Alembert
[11], crucibles were fired in two steps: a preliminary firing in
a fritting furnace and a final firing in the melting furnace
before use. The restored crucibles (Chapter 2) show evident
chromatic differences at the opposite parts of the long side,
with colours ranging from purple to yellow through to grey.
As the core of the crucible fragments shows the same chro-
matic heterogeneity observed in the restored crucibles, eight
samples (yellow: ER22, 23, 34, 39; grey: ER21, 53, 57; pur-
ple: ER25) were analysed by UV—VIS spectrometry to inves-
tigate the influence of the oxidation state of iron on the colour
of the ceramic body (Table 4). Iron reduction ratios (FeO/
FeOy,) [28] are clearly related to the three chromatic classes
(Fig. 8). Since these colours are characteristic of specific por-
tions of the crucible body, this should mean that they re-
mained in the same position for a time long enough to
change their iron-oxidation as a function of the local oxygen
fugacity. Taking into account the crucible position in the
melting chamber, the grey (or purple) side must have been
exposed to the flame (reducing atmosphere), whereas the yel-
low side was next to the glory hole (oxidising atmosphere).
As only fragments of the crucible wall were analysed, they
represent the possible chromatic variability around the cruci-
bles. This difference of iron-oxidation proves that the ceramic
body was porous enough to allow some gas circulation when
placed in the melting furnace. Thus, coloration of the crucible
body occurred before surface vitrification, when differences
in oxygen fugacity throughout the melting chamber could
have affected the iron-oxidation state. Furthermore, the
vitrification of the crucible body must have occurred in the
melting furnace before its use, as shown by the sharp bound-
ary between batch glass and the vitrified surface (Fig. 9). The
surface certainly reached temperatures higher than those of
the core of the crucible body since it received radiant energy
either directly from the flame or reflected from the domed
roof of the melting chamber. These thermal conditions
favoured the auto-glazing of the surface at the expense of
finer quartz and the amorphous phase formed after kaolinite
decomposition. On the other hand, mullite is more resistant
than quartz and its presence in the densified zone
(Fig. 10a, b), between the vitrified layer and the crucible
body, hinders the diffusion of alkalies into the latter [12].

Table 4
FeO and FeO,, concentrations (wt.%) by UV—VIS spectrometry and XRF,
with iron reduction ratios

Sample Colour FeO FeO,y, FeO/FeO,,
ER21 grey 0.34 0.56 0.61
ER22 yellow 0.12 0.38 0.32
ER23 yellow 0.10 0.59 0.16
ER25 violet 0.29 0.32 0.89
ER34 yellow 0.10 0.45 0.23
ER39 yellow 0.10 0.46 0.22
ERS53 grey 0.25 0.48 0.51
ER57 grey 0.31 0.53 0.57
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Fig. 8. Body colours vs. the oxidation state of iron. The iron reduction ratio
increases from yellow to purple, i.e. toward more reducing conditions [28].

Taking into account that the metastable melting point of -
quartz falls between 1400 and 1450 °C [27,37] and that
above 1500 °C the rate of fusion of quartz exceeds the rate
of crystallization of amorphous silica to form cristobalite
[42], it is reasonable that the vitrified layer started to form
at temperatures above 1450 °C. However, an incipient vitrifi-
cation at lower temperatures due to the reaction of KOH dis-
persed in the furnace gases with the silica phases present on
the crucible surface cannot be excluded (see below).

To place the dried crucibles in the melting furnace during
its activity would have broken these pots due to the large ther-
mal gradient. Consequently, a preliminary low sintering (800—
1000 °C) in the oven annexed to the melting furnace [19] must
have taken place.

Although one knows from historical sources that crucibles
withstood for some months on average [31,34,35], the occur-
rence of metastable quartz shows that the kinetics of the

polymorphic transformations were very slow, despite of the ki-
netics of the kaolinite dehydroxilation.

In conclusion, both the oxidation state of iron and the sur-
face vitrification occurred before the use of the crucibles, this
supports the technological information coming from the old
treatises about the firing in two steps.

3.5. Chemical contaminations

Under service conditions, crucibles interact with batch glass
and gases, which affect their properties. In the literature, the
chemical attack by fluids is known as corrosion [10,26,38].
Generally speaking, the furnace gases corrode the exterior of
the pots, while the glass corrodes the interior. The basic pro-
cess of corrosion is diffusion controlled. The rate of diffusion
at the refractory surface rules the rate of the process [48]. The
driving force of the corrosion due to glass is the difference in
the concentrations of the refractory components in the glass
and at the refractory/glass interface [9]. For a given composi-
tion, the corrosion rate is inversely proportional to glass viscos-
ity and then directly proportional to temperature [48]. Davis
[10] reports that a temperature increase of 50 °C upon the
melting point of a given glass will double the corrosion rate.

The crucible surface, as well as the furnace roof, is exposed
to the corrosive attack of the furnace gases. Alkali volatilisa-
tion is one of the main actors in the refractory corrosion and
its rate depends on the type of fuel (i.e. wood, oil, methane,
etc.), on the water vapour concentration and on the furnace
gas velocity [49]. In wood-fed furnaces alkali volatilisation oc-
curring during combustion, makes a relevant contribution to
that coming from the batch during the melting process. The
corrosion mechanism due to alkali-bearing species present in
the furnace gas can be synthesized in the following chemical
reactions [1]:

J e
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Fig. 9. The opposite surfaces of ER38 observed in plane light under the optical microscope. (a) The batch glass adhering to the vitrified layer shows a quench
texture (B-wollastonite crystals) and gives evidence of its chemical and physical difference from the vitrified layer of the crucible. (b) The crystalline core shows
a relevant amount of quartz with seriate texture surrounded by a densified microcrystalline matrix, which turns into a vitrified layer outward. Mul = mullite,

Qtz = quartz, B-Wo = B-wollastonite.
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Fig. 10. Change in chemical composition (EDS) and X-ray maps of selected elements (Al, K and Ca) of the surface in contact with batch glass (a) and the outer
surface (b) in ER42. (a) The corrosion zone (vitrified and densified layers) is characterized by potassium enrichment and very limited diffusion of Ca from batch
glass. Acicular and columnar tridymite occurs in the batch glass adhering to the crucible in a Ca-rich glassy matrix. Vesiculation (black areas) is present in the
vitrified sub-zone, while porosity decreases in the densified sub-zone. The crystalline core shows porosity developed during sintering. The boundary between the
vitrified and densified areas (central dashed line in the K-map) is marked by the presence/absence of mullite aggregates (brightest zones in Al-map). (b) The outer
surface shows similar fabric variation as observed in the inner surface. The vitrified layer shows coarse relic quartz in a glassy matrix enriched with potassium. The
densified zone contains mullite aggregates not yet dissolved by the glassy matrix. Mul = mullite, Qtz = quartz, Trd = tridymite.



.//[doc.rero.ch

Table 5
Chemical profile by EDS through the batch glass/crucible interface (Fig. 10a)

Distance® Na,O MgO Al,O3 SiO, P05 K,0 CaO TiO, MnO Fe; 03¢0, Total
(um) (wt. %) (wt.%) (wt.%) (wt.%) (wt. %) (wt. %) (wt. %) (wt. %) (wt.%) (wt.%) (wt.%)
440 0.4 2.5 7.3 60.6 2.5 14 22.6 1.9 0.3 2.1 101.4
165 0.4 2.3 7.1 61.0 2.5 1.4 22.5 1.8 0.7 2.1 101.7
—-80 0.6 0.1 10.6 76.8 0.0 4.7 4.9 2.3 0.0 0.2 100.2
-390 0.5 0.0 11.7 78.8 0.1 54 1.9 24 0.0 0.3 101.1
—680 0.5 0.5 124 79.4 0.4 5.1 2.0 1.9 0.0 0.5 102.8
—-920 0.4 0.7 13.0 78.4 0.1 5.0 1.8 1.9 0.0 04 101.6
—1140 0.5 0.8 14.2 76.7 04 4.5 1.7 2.0 0.0 0.5 101.3

? The batch glass/crucible interface was taken as origin. Positive values are toward the batch glass and negative values are toward the core of the crucible body.

M,O0 (batch and wood) + H,O (combustion gas)

< 2MOH (gas) (1)

2MOH (gas) <> M, O (dissolved in the silica — richliquid layer)
(2)

+ H,0 (combustion gas)

where M = K or Na.

The alkali-bearing phases present in the batch as well as in
the wood fuel react with the combustion-generated water va-
pour to form alkali hydroxides (1). The interaction of these hy-
droxides with the silica-rich liquid surface of the crucibles,
dissolves MO in it and gives back water vapour (2). Accord-
ing to observations by Allendorf and Spear [1], higher refrac-
tory temperatures decrease the alkali concentration in the
silica-rich liquid layer and inhibit corrosion.

In the Derriére Sairoche samples, both surfaces show partial
melting. The surface not in contact with glass shows a vitrified
 layer with a quite homogeneous thickness (auto-glazing). On

che contrary, the vitrified layer of the surface in contact with

o

e

the batch glass is more extended and irregular due to corrosion.
The occurrence of B-wollastonite or tridymite as first phase crys-
tallized from the batch glass is due to the CaO/SiO; ratio (Figs.
9a, 10a). It is worth noting that neither B-wollastonite nor tridy-
mite crystallized in the vitrified layer.

X-ray maps give evidence of an enrichment of K in the vit-
rified layers (inner and outer surfaces) compared to the core of
the crucible body and a limited calcium diffusion in the vitri-
fied layer next to the batch glass as well (Fig. 10a). Both in the
inner and outer surfaces, mullite aggregates mark the bound-
ary between the crystalline body and vitrified layer of the cru-
cibles. Differences in geometry and in chemical composition

(Tables 5 and 6) between the two vitrified layers, point to
two distinct sources of contamination.

The batch glass/crucible interface is characterized by
chemical diffusion between two liquids (i.e. batch glass and
vitrified layer) with different viscosity. Their different degree
of polymerization, related to the SiO, concentration, is respon-
sible for the chemical partitioning of such oxides as K5O,
Ca0, MgO and P,05 [39,50]. Fig. 10a shows the lateral chem-
ical variation of the batch glass/crucible interface, where, de-
spite K,O migrating to the vitrified layer, CaO essentially
remained in the batch glass. The chemical trends through
the interface glass/crucible for medieval crucibles reported
by Merchant et al. [29] point to similar diffusion patterns. Al-
though the batch glass is the source of K,O present in the vit-
rified layer, some contribution from the furnace gases cannot
be excluded. The diffusion of K,O from the batch glass into
the vitrified layer of the crucible represents the principal agent
of corrosion, because it lowers the viscosity of the vitrified
silica-rich layer and the melting temperature of the crucible
body.

The outer surface (Fig. 10b), not in contact with batch
glass, revealed a quite homogeneous potassium distribution
in the vitrified layer (~300 um). Because of mullite dissolu-
tion, Al,O5 concentration in the vitrified layer is higher than
in the densified layer. Only coarser quartz grains withstood
dissolution. The very low content of calcium in the glassy
matrix of the outer surfaces excludes batch glass as a possible
origin of potassium contamination and points to the furnace
gases (Fig. 10b). When wood fuel is used, combustion tem-
peratures above 900 °C causes the volatilisation of elements
such as potassium, Na, S, B and Cu if originally present in
the wood [32]. Chemical analyses of ash samples obtained
by wood from the valley of Chaluet [45] show that only

Table 6

Chemical profile by EDS through the crucible surface not in contact with batch glass (Fig. 10b)

Distance® Na,O MgO AlLO3 SiO, P,0Os5 K,0 CaO TiO, MnO Fe; 03¢0, Total
(um) (wt. %) (wt.%) (wt.%) (wt.%) (wt. %) (wt. %) (wt. %) (wt.%) (wt.%) (wt.%) (wt.%)
—680 0.1 0.2 10.5 83.7 0.1 4.7 0.1 1.6 0.0 0.8 101.9
—500 0.0 0.1 10.4 83.3 0.0 52 0.2 1.9 0.1 0.9 102.0
—355 0.1 0.1 12.3 80.1 0.1 7.8 0.2 0.9 0.0 0.8 102.3
—240 0.0 0.0 15.1 70.8 0.0 12.1 0.1 0.7 0.0 0.7 99.6
—120 0.1 0.1 14.8 724 0.2 11.6 04 0.6 0.0 0.9 101.1
0 0.0 0.2 134 73.4 0.2 10.3 0.3 0.7 0.1 1.0 99.5

? Negative values are from the surface toward the core of the crucible body.
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potassium occurs in relevant concentration. Further, K,O
present in the batch glass is also subject to volatilisation dur-
ing the melting process and together with K,O coming from
wood combustion will be dispersed in the furnace gases and
diffused through the hot and viscous surface of the crucibles.
This process is also advocated for the vitrified surface of the
refractory lining of the melting furnace of Derriére Sairoche
[13].

EDS analyses showed that in the vitrified layer of the outer
surface K,O ranges from 5 to 12 wt.% and in the vitrified layer
of the inner surface from 4 to 5 wt.%. Since K5O is the prin-
cipal contaminant in both inner and outer crucible surfaces,
the ternary system K,0—SiO,—Al,0O3 (KSA) [33] may be ap-
propriate to explain the corrosion mechanism, even though the
rest of the oxides were not considered for the sake of simplic-
ity. Fig. 11 shows part of the KSA system with the isothermal
cuts at 1370 and 1500 °C, which are the lower and the upper
temperatures determined in this study for the analysed crucible
bodies. The isothermal cuts depict the compatibility fields of
liquid (L) and solid phases (Mul, Trd/Crs and Lct) in the
portion of interest of the ternary diagram KSA. On the
Si0,—Al,05 side, a segment which shows the approximated
compositional range of the crucible body and two lines to
join the K,O corner (not shown) were drawn. This area repre-
sents the theoretical compositional field of the corrosion prod-
ucts after K,O attack. As shown in the same diagram, the
compositional points of the actual corrosion products are
instead shifted toward the Al,Oz corner, because of non-
complete dissolution of quartz and mullite (Fig. 11).

K,0

Outer

surface

® Densified layer
@ Vitrified layer

Inner A Densified layer
surface

A Vitrified layer

Liquid + Solid @ 1370°C
Liquid + Solid @ 1500°C

" 7| Theoretical compositional field
of the corrosion products

By varying the concentration of K,O in the corrosion prod-
uct, the compatibility field at a given temperature will change.
For low concentrations of K,0O, mullite, silica and a liquid L,
will coexist in equilibrium. Higher amounts of potassium will
move the composition of the corrosion product in the compat-
ibility field where mullite and liquid are in equilibrium. By
further increase of K,O, the composition will fall inside the
liquid field. Where the compositional field of the corrosion
products overlaps the compatibility fields of the isothermal
cut at 1500 °C, it can be seen that, when K,O is above 4
wt.%, all is liquid. On the other hand, at 1370 °C concentra-
tions above 7 wt.% of K,O are necessary to obtain a complete
liquid phase.

Inner and outer surfaces all have potassium in the glassy
matrix. The highest concentrations of K,O are reached in
the vitrified layer in both cases. According to Fig. 11, the
compositional points should have been in the liquid field, or
at least on the boundary curve between the liquid field and
the compatibility field where mullite and liquid coexist. The
compositional points of the vitrified zone of the outer surface,
belong to the former case, while those of the inner surface be-
long to the latter. The compositional points of the densified
layers are close to the boundary curves at 1370 and
1500 °C between the liquid field and the compatibility field
of mullite and liquid. This explains the coexistence of mullite
and glassy matrix. The presence of a glassy matrix increases
the diffusion rate of potassium toward the core of the crucible
body. The proximity of the compositional points of both sur-
faces to the boundary curves at 1370 and 1500 °C between the

Al,O,

Mul

Fig. 11. Area of interest of the K,0—SiO,—Al,0; system, showing the stability fields of the isothermal cuts at 1370 and 1500 °C. The compositional points of the
glassy matrix of the inner and outer crucible surfaces fall in proximity of the boundary curve between the liquid field (L) and the compatibility field of mullite and
liquid (Mul + L;). Mul = mullite, Lct = leucite, SiO, = tridymite and/or cristobalite, L = liquid, L; = liquid in equilibrium with mullite.
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liquid field and the compatibility field of mullite and liquid,
supports the temperature range estimated for the crucibles
and validates a posteriori the approximations made to the
chemical compositions of the glassy matrix plotted in the
KSA system.

To summarize, the K,O attack on crucibles acts on both the
surface in contact with batch glass and the surface which is
not. In the former, the preferred diffusion of alkali metals
from batch glass to the crucible body is the main cause of
corrosion, as can be further observed in the reaction zone
between soda-lime glass and alumina-silica refractories in
the modern glass industry [12]. In the latter, the alkali
hydroxide gases dispersed in the furnace gases corrode the
crucible surface by dissolution of alkali oxides in the silica-
rich liquid layer. Owing to the use of wood as fuel, their
concentration is supposed to be higher than that present in
modern tank furnaces.

4. Summary

By analysing the crystalline core of the crucible, an original
mineral composition of quartz sand (~ 80 wt. %) and kaolinite
(~20 wt.%) was determined. The homogeneous chemical
composition points to a single source of raw materials. Further-
more, petrographical and chemical features allow to exclude re-
cycling of crucible fragments as temper. These interpretations
are in agreement with findings by Eramo [14], who reported
a good correspondence between the crucibles and some of the
local refractory earth (Hupper sand) samples.

The crucibles were fired and used in a temperature range
between 1370 and 1500 °C.

The different oxidation states of iron in the crucible frag-
ments prove that they were placed in the melting furnace be-
fore the densification of the ceramic body occurred. It can be
inferred that the iron-oxidation changed as a function of the
oxidising (next to glory hole) or reducing (next to the flame)
atmosphere. The sharp boundary between glass and vitrified
surface shows that the vitrification of the crucible body oc-
curred before use, supporting the thesis that crucibles received
(at least) the last firing in the melting furnace at temperatures
as high as 1500 °C.

The corrosion of the crucible by alkali attack was observed
on both, the surface in contact with batch glass and the surface
not in contact with batch glass.

In the first case, the chemical diffusion of potassium from
the molten glass and, in the second case, potassium dissolution
from the furnace gases to the silica-rich vitrified layer of the
crucible, reduced its melting temperature and weakened the
structure.
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Appendix 1. Analytical methods

Sample preparation: In order to avoid contamination, the
vitrified surfaces of the samples were mechanically removed.
Between 5 and 10 g of the crystalline core was powdered by
means of a tungsten carbide (WC) ball-mill.

Optical microscopy (OM): Petrographic analyses were car-
ried out on thin sections under a polarising microscope Carl
Zeiss ““Standard RP 48-66/6.

X-ray fluorescence (XRF): Bulk chemical analyses were
performed on glass tablets using a PHILIPS PW 2400 X-ray
fluorescence spectrometer equipped with a rhodium X-ray
tube. The glass tablets were obtained by melting together in
a Pt crucible (T = 1150 °C; t = 10 min) 0.700 g of calcined
sample’s powder with 0.350g of LiF and 6.650g of
B4Li,05; using a PHILIPS PERL’X-2 machine.

UV—VIS spectrometry: Fifty grams of each sample was
dissolved in an acid solution (HF:H,SO,, 1:1) and mixed
with a buffer solution which gave a red complex in presence
of iron. FeO concentration was determined by multiplying
the absorbency value (A = 528 nm), obtained by a UVIKON
XS spectrometer, for the regression coefficient calculated after
the calibration procedure. A detailed description of the sample
and the standard preparation is provided by Fries and Getrost
[16].

X-ray diffraction (XRD): X-ray diffraction analyses were
carried out on a PHILIPS PW1800 diffractometer with Cu
K, radiation at 40 kV and 40 mA (step angle of 0.02°, 20
from 2° to 65°, measuring time 1 s per step).

Loss on ignition (LOI): Loss on ignition was determined by
heating 2 g of sample at 1000 °C for 1 h.

Scanning electron microscopy (SEM): Secondary electron
(SE) and back-scattered images (BSE) were taken by an FEI
SIRION XL 30S FEG scanning electron microscope (operating
in a range of 5—20 kV). Qualitative and quantitative chemical
compositions were obtained by energy dispersive spectrometry
(EDS) using an EDAX NEW-X1.30 detector. X-ray maps of Si,
Al, K and Ca were performed (accelerating potential = 15 kV,
counting time = 11 h) on the surfaces of the crucible frag-
ments to examine the chemical contamination. Quantitative
EDS measure was obtained using Corning glass D [6] as stan-
dard. The operating conditions were accelerating poten-
tial = 15 kV, beam current = 1.2 nA, spot size = 6 X 4 um,
measuring time = 50 s. The precision and accuracy were deter-
mined after five measurements on the same analysis point of the
Corning glass standard D (Table 7). The former is expressed as
relative standard deviation (standard deviation X 100%/mean)

11
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Table 7

Precision and accuracy of measured major and minor oxides of the Corning glass standard D [6]

Oxide Reference Measure 1 Measure 2 Measure 3 Measure 4 Measure 5 Mean o Orel €rel
(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt. %) (Wt.%) (Wt. %) (%) (%)
Na,O 1.2 0.9 0.9 1.0 0.9 1.1 1.0 0.1 8.9 18.3
MgO 39 4.0 4.1 3.8 39 4.0 4.0 0.1 2.2 0.3
Al,O3 53 54 5.5 5.3 53 54 54 0.1 1.6 0.9
SiO, 57.2 56.9 57.6 57.3 57.2 57.3 57.3 0.3 0.5 0.1
P,05 39 3.9 3.9 4.0 39 3.7 39 0.1 3.1 1.4
K,0 11.3 11.3 11.2 11.2 11.3 11.2 11.2 0.1 0.6 0.6
CaO 14.8 14.6 14.8 14.7 14.7 14.8 14.7 0.1 0.5 0.5
TiO, 0.4 0.4 0.4 0.4 0.3 0.2 0.3 0.1 17.1 12.1
MnO 0.6 1.2 0.9 0.7 0.9 0.7 0.8 0.2 24.4 53.8
Fe, O30 0.5 1.0 1.3 0.8 0.4 0.8 0.8 0.3 37.7 63.1
and the latter as relative error ((|0bserved composi- [17] C. Gerber, Fouille d’une verrerie forestiere du début du XVIIle siecle a

tion — reference composition|/certified composition)100%).
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