
Ceramics-Silikáty 67 (3), 387-402 (2023)
www.ceramics-silikaty.cz doi: 10.13168/cs.2023.0039

Ceramics – Silikáty  67 (3) 387-402 (2023) 387

CAUSES OF DEFECTS IN HISTORICAL CERAMIC MATERIALS 
WITH Ca-RICH BODY

#PAVLA DVOŘÁKOVÁ*, ALEXANDRA KLOUŽKOVÁ*, MÁRIA KOLÁŘOVÁ*, MARTINA KOHOUTKOVÁ**

*Department of Glass and Ceramics, University of Chemistry and Technology Prague, 
 Technická 5, 166 28 Prague, Czech Republic

**Central Laboratories, University of Chemistry and Technology Prague, 
 Technická 5, 166 28 Prague, Czech Republic

#E-mail: pavla.dvorakova@vscht.cz

Submitted July 24, 2023; accepted August 31, 2023

Keywords: Glaze defects, Archaeological ceramics, Faience, X-ray methods, Stress states

The aim of the present work was to study and identify the causes and sources of defects in the glazes and decorations  
of archaeological ceramics containing a calcium component. As part of systematic archaeological research in the Hradčany 
area, several reconstructable objects and some fragmentary sherds of archaeological ceramics with a relatively high 
calcium content were found. Seven objects of faience were rescued from the waste pits on the premises of the third courtyard  
of the Prague Castle, a flower pot was found in Lumbe garden, and creamware sherds were excavated from a waste pit 
between the Salm and Schwarzenberg palaces on Hradčany Square. The first step of the research was the evaluation  
of ceramic bodies, glazes, and decorations using archaeometric methods. Subsequently, dilatometric measurements of cera-
mic bodies and stress state calculations of ceramic body-glaze, or glaze-decor systems were used to identify the sources  
of defects observed on archaeological finds. Both primary and secondary defects were identified in all studied finds. Among 
the primary defects, pinholes and blisters predominated. As secondary defects, crazing, blackening, corrosion, delayed 
peeling, and mechanical abrasion were recognised. Thanks to the combination of X-ray and optical methods, together with 
the determination of the stress states of the two- and three-component systems, causes of secondary defects were described. 
The main source of these defects were calcium residues causing volume changes in the ceramic bodies.

INTRODUCTION

 A typical representative of historical ceramic 
material with a calcareous ceramic body is faience, 
which belongs to the group of fine utilitarian ceramics 
with tin-lead glaze and onglaze decor.
 The first faience originates from Mesopotamia 
and Persia from 4000 BC, but the frequently used term 
Egyptian faience did not appear until the 19th century. 
This is what European archaeologists called the cera-
mics produced in ancient Egypt. However, from  
the material and production technology point of view, 
it was not a real faience. The production consisted  
of mixing ground desert sand enriched in calcium, soda, 
and other alkaline and earth alkaline admixtures into  
a starting material that was shaped by hand or in moulds 
and then fired at a temperature of approximately 900 °C. 
The bright turquoise glaze contained the first artificially 
made pigment, the shade of the colour of which 
was determined by the composition and preparation 
conditions. The pigment was applied in a mixture with 
a flux containing natural evaporite, which was also used 
in the production of glass [1-4]. It has been indicated  
the use of different plant ashes for production of faience 

and glass-making, respectively [3,5]. Glazed ware with 
colourful decor came to Europe in the 14th century from 
the Middle East region, where it was used approximately 
from the 9th century onwards. A significant increase  
in imports occurred during the Renaissance and the name 
used – majolica was derived from the export ports  
in Mallorca [6]. European production is associated with 
the names of Bernard Palissy, Henry Deux, and especially 
with three generations of the della Robbia family [7]. 
The development of decors went in two directions, 
Urbino decors were associated with strong colour shades 
and with colours for high temperature decorations.  
The use of a milky bright glaze and a calcareous 
component in the ceramic body has been associated 
with the Italian city of Faenza since the second half  
of the 16th century. That is why the products were called 
faience in France and Germany. Central European 
producers, including the Moravian Habans, followed 
up on this type of ceramics with their production.  
The Urbino style was adopted by workshops in France 
and Germany, especially in the areas of Hamburg  
and Nuremberg. In the 18th century, Italian production 
lost its regional character and tried to get as close  
as possible to porcelain [6,8,9].
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 Until now, the term faience has traditionally been 
used for ceramic objects made from floated clays, 
quartz sand, and limestone. The surface is covered  
by a white tin-lead glaze with a coloured onglaze or in- 
glaze decor, often combined with plastic decoration 
[6,10,11]. For faience, the application of decoration  
on raw unfired glaze was typical (and still is). This 
glaze is applied after the first firing, which takes place 
at a higher temperature than the final firing. The range  
of colours was thus significantly limited. That is why 
muffle colours with a lower firing temperature started  
to be used. Currently, the firing temperature of a cera-
mic body with a calcareous component is reported  
to be in the range of 1000 – 1250 °C in order to obtain  
the desired properties [12,13]. The firing time ranges 
from about 40 minutes for porous objects and 60  
to 70 minutes for sintered tiles [12,14-16]. During  
the firing of a calcareous ceramic body containing clay 
raw materials, two basic processes take place:
 a. dehydroxylation of clay minerals (depending  
on the clay type approximately 500 °C) with subse-
quent mullite phase formation (from approx. 1000 °C);  
in the case of kaolinite with the formation of metakaolinite

 b. decomposition of calcite (approx. 620 – 850 °C, 
depending on firing conditions and particle size)  
and subsequent reaction of products, i.e. reactive cal-
cium oxide with metakaolinite to gehlenite

Gehlenite is a thermodynamically metastable phase that 
subsequently reacts to a stable anorthite:

The anorthite in a calcareous ceramic body has  
a fundamental influence on the resulting properties  
of the product, especially on strength and shrinkage. 
Its formation is determined by the mutual ratio  
of CaO, Al2O3, and SiO2, which can be expressed using 
a ternary diagram (Figure 1). If a magnesium component 
is present, other crystalline phases such as diopside  
can form.
 The course of firing, accompanied by the decom-
position of the calcareous raw material and the sub-
sequent reaction of the unstable phases into the stable 
ones, has a fundamental influence on the quality  
of faience decorations. If the firing is not conducted 

correctly and CaO remains in the fired ceramic 
body, calcite recrystallisation occurs during usage.  
In the case of the presence of metaclays, their rehydro-
xylation also occurs [18,19]. Both processes are accom-
panied by the expansion of the ceramic body, which  
can be the source of secondary defects of glazed faience 
surfaces. 

 Ceramic objects with a Ca component sometimes 
show primary defects, which arise mainly from:
 • mismatch of thermal expansion coefficients  
  of the decor/glaze/ceramic body, 
 • insufficient degassing of the ceramic body during  
  the first firing, when pinholes and possibly blisters 
  occur on the surface of the glaze or decor during  
  the second firing,
 • incorrect production technology – inappropriate  
  density of the glaze slurry, wrong application  
  of the glaze, the unclean surface of the fired ceramic  
  body, unsuitable firing conditions, dust in the kiln,  
  etc. can result in specking.
 When assessing the defects of the glazed historical 
faience, it is necessary to consider both primary defects 
(given, for example, by unfamiliarity with the relatively 
demanding production technology at that time or failure 
of a worker or equipment), and secondary defects 
during usage. In the case of archaeological finds, 
another significant aspect had to be considered, namely  
the conditions of storage in the ground, e.g. in waste 
pits (pH, temperature, humidity, impurities, bacteria, 
etc.). During the research of the set of archaeological 
finds from Prague, four possible types of degradation  
of archaeological glazed ceramics were determined [20]. 
These degradation processes occurring in the ceramic 
body-glaze system are shown schematically in Figure 2. 

Figure 1.  Ternary phase diagram in SiO2-Al2O3-CaO [17].
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 Two types of primary defects – peeling of the glaze 
layer and crazing – are a result of the incompatibility 
of the glaze and the ceramic body. Degradation 
process (a) – i.e. the formation and growth of defects 
is then associated with the release of excessive stress  
in the ceramic body-glaze system already during 
cooling from the firing temperature. Other degradation 
processes (b, c, d) lead to the formation of secondary 
defects. Delayed crazing occurs due to moisture when 
secondary tensile stress is created in the glaze (b)  
by the moisture expansion of the ceramic body. This type 
of defect develops during the use of the object or during 
its subsequent deposition in the ground. It is caused  
by the processes taking place in the ceramic body 
(rehydration and rehydroxylation). Additional com-
pressive stress in the glaze layer (c) causes secondary 
peeling of a glaze often called “delayed” peeling  
or bitty glaze. The reason may be an imperfectly 
prepared substrate with an uneven surface and large 
grains of quartz or other tempers at the interface with 
the glaze. The tension at the grain boundaries leads  
to an increase in the compressive stress in the glaze. 
If the glaze peels off the ware on edges of contours  
to relieve the stress, it is also called shivering. Another 
reason for the disrupted coherence of the system can  
be the migration of soluble salts through a ceramic body 

with high porosity (typical for Ca-rich sherds) and a high 
content of unstable noncrystalline phases associated with 
expansion pressures due to weather conditions. As the 
roughness of the surface increases, the amount of surface 
defects increases, and the strength of the glaze decreases. 
Exceeding the strength failure limit of the glaze 
associated with its peeling can also lead to the deposition 
of products of surface corrosion or biocorrosion,  
or even to the growth of corrosion crusts under 
the glaze. In the case of biocorrosion, anaerobic 
sulfate-reducing bacteria (SRB) causes the so-called 
blackening, when black sulfides, e.g. lead sulfide, form  
on the glaze surface. These are manifestations of corro-
sion of the glaze itself without the influence of the cera- 
mic body. The most common corrosion defects are efflo-
rescence, iridescence, and growth and the presence  
of corrosion products. The combination of stress states 
together with the corrosive effect of the surrounding 
environment is included in the last part of the diagram 
(d). The effect of both processes simultaneous-
ly negatively influences the original equilibrium  
of the ceramic body-glaze system. The formation and 
growth of corrosion products, which preferentially 
precipitate in places of reduced cohesion and deteriorated 
surfaces, also contribute to the acceleration of the defect 
formation [20].

a) stress relations and primary crazing or peeling of glaze b) delayed (secondary) crazing of glaze supported  
by moisture expansion of the body

c) “delayed” peeling due to disrupted coherence of the system d) defect growth due to multiple cooperation of several 
corrosion agents

Figure 2.  A scheme of possible degradation processes and the growth of defects growth [20].
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 In the case of glazed ceramics with onglaze decor 
(faience), it is necessary to evaluate the stress states  
of both interfaces, i.e. ceramic body-glaze and glaze-
decor, in order to assess the causes of defects.
 The evaluation of stress relations and the deter-
mination of thermal expansion coefficients (CTEs) could 
be carried out using several methods and devices [21,22]. 
The Steger test as the most accurate method of stress 
evaluation is capable of interpreting the development, 
character and magnitude of stress in the interlayer  
of a ceramic system [20,23-26]. The complicated pre-
paration of the samples is the main disadvantage of this 
method. The specific shape of the sample is a difficult 
requirement to fit for most modern ceramics and is com- 
pletely beyond practical possibilities for historical cera-
mic products. The stress relations within the ceramic 
body- glaze system can also be determined by dilatometry 
and thermomechanical analysis. The fairly accurate 
method of determining the stress relations, which  
is widely used in production, is the graphical comparison 
of the measured curves; the more precise method  
is to calculate the stresses using the equations [27-29]:

where σg and σs are the stresses developed in the ceramic 
body/the glaze layer in MPa, αs and αg are the thermal 
expansion coefficients of the ceramic body and the glaze 
in K−1, ΔT is the difference between the set point Tn  
(a temperature at which permanent mechanical stresses 
occur during cooling) and the ambient temperature T,  
μs and μg are the Poisson ratios of the ceramic body  
and the glaze, Es and Eg are Young’s moduli of the ceramic 
body and the glaze in MPa and hs and hg are thicknesses 
of the ceramic body or the glaze layer in μm. A posi-
tive absolute value of stress means that tensile stress  
is developed within the layer; on the contrary, a negative 
value corresponds to compressive stress developed.  
The graphical representation of the calculated stress 
values can effectively show the overall stress which  
is called the total mismatch of the system (Figure 3a). 
The dilatation measurement of samples of naturally 
aged finds (first measurement) includes the simultaneous 
effects of the CTE difference in the ceramic body-
glaze system, when there is tensile stress in the glaze 
(solid brown curve), and dehydroxylation of the 
rehydroxylated component in the ceramic body (dashed 
brown curve), see Figure 3b. The second measurement 
of the same sample (Figure 3b, green curves) shows 
the effectof the difference in CTE when there is 
compressive stress in the glaze (solid green curve) and 
tensile stress in the ceramic body (dashed green curve).  

This is the state of the product after the final firing.  
The graph documents the possibility of positive com-
pressive stress in the glaze changing to disadvantageous 
tensile stress during the aging of the sherd material 
(during usage, in a waste pit, etc.). This process  
is typical for materials that contain residues of clay 
minerals (metaclays). The maximum effect of the mois-
ture expansion of the ceramic body can be obtained  
by laboratory hydrothermal loading (artificially accele-
rated aging) and is part of the stability predictions  
in the ceramic body-glaze system of current products. 
When evaluating the stress states of two-component 
systems using dilatometric data, it is necessary  
to consider the total mismatch Δ (total stress difference). 
This term expresses the final stress difference  
for the system studied expressed from the absolute  
stress values σ of both components, in this case,  
it is 26.4 MPa for the first measurement and 18.3 MPa 
for the second [30,31].

(5)

(6)

a) calculated stress relations from  
the 1st and 2nd dilatometric measurement

b) graphical comparison of the measured curve  
of a ceramic body and the calculated curve of a glaze  

from the set point (Tn) to the ambient temperature
Figure 3.  Example of graphic expression of stress relations 
and dilatometric measurements of the glazed tile system [31].
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 This paper is focused on the identification of defects 
sources in glazed archaeological finds with calcareous 
ceramic bodies. During the archaeological investigations 
of waste pits in the grounds of the Prague Castle [32] 
and the surrounding area, fragmentary material of blue-
painted faience, a monochrome plate, a flower pot,  
and other colourfully decorated sherds, were found. 
The surfaces showed various defects and especially  
in the case of luxury faience, it was a question whether 
they came from production or were caused during  
use or when were stored in a waste pit. The methods 
used to predict the stability of glazes in contemporary 
glazed products were used for this evaluation. The initial 
step was a material survey of ceramic bodies, glazes,  
and decorations, using archaeometric methods.

EXPERIMENTAL

Materials

 Ten restored objects were selected for the evalua-
tion of defects, eight blue-decorated luxury faience 
finds (Nos. 1–8), a creamware plate with white glaze 
(No. 9), a flower pot with turquoise glaze (No. 12),  
and two calcareous sherds with blue decor and colourful 
painting (Nos. 10 and 11). For all evaluated artefacts,  
a description, dating, location of the site of finding, term 
of archaeological rescue, and a photodocumentations  
of the object including the observed defect, are given  
in Table 1 [33].

 Some objects were provided with a distinguishable 
mark, e.g. the faience small cup No. 5 and the faience 
saucer No. 4 with a pattern of pomegranates. Here  
it was possible to specify the period of production based 
on the manufacturer's signature BK (Figure 4). This 
signature proves the production of the finds in the Bay- 
reuth manufactory in the years 1728 – 1744 [34], 
during the ownership period of Johann George Knöller 
(1678 – 1739). Three vessels were assigned to another 
German provenance, the Nuremberg area (possibly 
Ansbach, Hanau, etc.): plate No. 1, shallow bowl No. 2, 
and small cup No. 3 [32].

Table 1.  Studied archaeological finds.

  name
  inventory number
 No. location
  term of archaeological rescue
  dating
  faience-plate
  inv. no. 275
  Prague Castle,
 1 third courtyard,
  waste pit C 
  1925 
  1700 – 1800 
  faience-shallow bowl
  inv. no. 282
  Prague Castle,
 2 third courtyard,
  waste pit C
  1925 
  1700 – 1800
  faience-shallow cup
  inv. no. 282
  Prague Castle,
 3 third courtyard,
  waste pit C
  1925
  1700 – 1800

Figure 4.  Detail of the faience mark on the saucer No. 4.

Photodocumentation 
of the object after restoration

Photodocumentation of the surface
including observed defects

pinholes 
mechanical abrasion, blackening

pinholes, blistering
mechanical abrasion, blackening

blistering, specking
mechanical abrasion, blackening

continued
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Table 1.  Studied archaeological finds.

  faience-saucer
  inv. no. 587
 4 Prague Castle,
  waste pit H 
  1929 
  1700 – 1800 
  faience-small cup
  inv. no. 591
 

5
 Prague Castle,

  waste pit H 
  1929
  1700 – 1800
  faience-small cup
  inv. no. 600
 

6
 Prague Castle,

  waste pit H 
  1929 
  1700 – 1800
  faience-small mug
  inv. no. 608
 

7
 Prague Castle,

  waste pit H 
  1929 
  1700 – 1800
   
  
  faience-small mug
  inv. no. 588
 

8
 Prague Castle,

  waste pit H 
  1929 
  1700 – 1800
  
  creamware-plate
  inv. no. 303
  Prague Castle,
 9 third courtyard,
  waste pit C
  1925
  1700 – 1825
  fragment of creamware
  inv. no. 713
 
10

 Salm Palace,
  186/IV Hradčany Square
  2009 – 2010 
  1800 – 1900 
 
  fragment of creamware
  inv. no. 343
 

11
 Salm Palace,

  186/IV Hradčany Square
  2009 – 2010 
  1800 – 1900
  
  flower pot
  inv. no. 308
  Prague Castle,
 12 Lumbe garden
  2018 – 2019
  1850 – 1920

continued

specking, shivering 
mechanical abrasion

specking, beginnings of surface corrosion
mechanical abrasion

blistering, shivering
mechanical abrasion, blackening

pinholes, blistering, crazing of the blue 
decoration layer, shivering

mechanical abrasion, “delayed” peeling, blackening,
beginnings of surface corrosion

pinholes, blistering, crazing of the blue decoration layer
mechanical abrasion, “delayed” peeling, 

efflorescence of the white glaze

pinholes, crazing, shivering
mechanical abrasion

beginnings of surface corrosion

pinholes, rarely specking, crazing
mechanical abrasion, blackening, corrosion

specking within white glaze,
rarely small pinholes within all coloured layers, crazing

mechanical abrasion, beginning of corrosion 
– efflorescence of brown and yellow decoration layers

rarely blistering
mechanical abrasion
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Methods

 The following methods and devices were used to 
evaluate ceramic bodies and glazes:
 • Optical microscopy – defects and homogeneity 
of glazes were observed in reflected light (RL) using 
an Olympus SZX9 stereomicroscope (Olympus Europa 
Holding, Germany) with a Canon EOS 1100D digital 
camera. To create fully sharp images, images with 
different levels of sharpness were composited using 
the DeepFocus module in the QuickPhoto Industrial 
4.0 software. Further observation of glaze layers  
and decors was performed on thin-sections of samples 
taken perpendicular to the surface of the sherd, using  
an Olympus BX60 polarising microscope (Olympus 
Europa Holding, Germany) in parallel polarised 
light (PPL) and in crossed nicols (XPL). Images 
were taken using a Canon EOS 1100D digital SLR 
camera and evaluated using the QuickPhoto Industrial  
4.0 software [33,35].
 • Weighing samples in water (Archimedes' method)  
- determining the parameters of the ceramic bodies 
– water absorption E (%), bulk density OH (g·cm–3), 
apparent porosity Pap (%), and apparent relative density 
dap (g·cm–3) [36].
 • X-ray fluorescence (XRF) – the chemical com-
position of ceramic bodies (powder) and glazes (surface  
of compact samples) was measured using a fully automatic 
sequential wave-dispersive (WD) X-ray spectrometer 
PERFORM’X (Thermo ARL, Switzerland). The analysed 
powder samples of ceramic bodies were pressed into pre-
pressed cups made of boric acid with a diameter of 40 mm 
and covered with 4 μm thick polypropylene foil (PP).  
For the measurement of surface layers and glazes, 
cleaned flat compact samples were selected. The 
spectrometer is equipped with an X-ray lamp with Rh 
anode type 4GN with a Beryllium window, a 4.2 kW 
generator, collimators, 6 crystals (AXBeB, AX03, PET, 
Ge111, LiF200, LiF220) and two detectors (proportional  
and scintillation). The samples were measured  
in a vacuum and evaluated using the semiquantitative 
standard-free software UniQuant 5, which is integrated 
into the Oxsas software. The statistical method  
of principal components (PCA, Principal Component 
Analysis) was used to show and classify the data set  
of the measured chemical composition of ceramic bodies 
and glazes [33,37].
 • Electron microscopy with chemical microanalysis 
(SEM/EDS) – the chemical composition of the selected 
samples was analysed using a TESCAN VEGA 3 LMU 
scanning electron microscope with an INCA 350 
energy dispersive analyser in backscattered electron 
mode. The surface of the sample, prepared in the form  
of a cross-section, was coated with a 10 nm layer of Au  
in order to eliminate surface ionisation during observation  
at a higher resolution [38].

 • X-ray diffraction (XRD) – the mineralogical 
composition was determined using a θ-θ powder 
diffractometer X'Pert3 Powder (PANalytical, Holland) 
with a parafocusing Bragg-Brentano geometry using 
CuKα radiation (λ = 1.5418 Å, U = 40 kV, I = 30 mA)  
in the angular range 5 – 80 °2θ at room temperature. 
Powder samples of ceramic bodies fine grounded  
in an agate bowl and flat compact samples of glazes 
were used for the measurements. Measured data were 
evaluated using the Panalytical High Score Plus 5.1 
software. Semi-quantitative and quantitative phase 
analysis was performed using the Rietveld method  
and the PDF4+ database [33,37].
 • Thermal analysis (DTA/STA) – monitoring 
of processes taking place during thermal loading 
of the sample (e.g., dehydration, dehydroxylation, 
decomposition reactions, melting, crystallisation,  
and transformation changes). Simultaneous thermal 
analyses in DTA-TG mode were performed using  
a LINSEIS STA Platinum Series 1600/1750 °C HiRes 
instrument (Linseis Messgeräte GmbH, Germany)  
with 50 ± 0.05 mg of a powder sample. Measurement  
was carried out in a platinum crucible with a lid  
at a heating rate of 10 °C·min–1 from ambient 
temperature to temperatures of 1000 or 1200 °C.  
To ensure an inert atmosphere during the measurement, 
a controlled flow of helium or air (15 ml·min–1)  
was used. The gases released during the measurement 
were analysed using a ThermoStarTM GSD320 (Pfeiffer 
Vacuum Technology AG, Germany) quadrupole-
type mass spectrometer with a range of 300 AMU. 
The measurement was controlled by the Linseis 
Acquisition software, and the detection of released 
gases was performed using the Quadera 4.62 software. 
The measured data were processed in the Linseis  
TA Evaluation software [33,39,40].
 • Dilatometry (DIL) - the study of the compati-
bility of the ceramic body-glaze system. A Linseis 
L75 HS 1600C PT dilatometer (Linseis Messgeräte 
GmbH, Germany) with a heating rate of 5 °C·min–1 and  
a nominal force of 300 mN in a helium atmosphere  
in the temperature range of 25 – 700 °C was used 
to monitor the relative expansions and deter-
mine the thermal expansion coefficients (CTEs)  
of ceramic bodies. Piece samples of ceramic bodies 
in the form of compact prism samples measuring 
approx. 20 × 5 × 5 mm were prepared for measu-
rement. The measurement included several steps:  
the first measurement obtained the dependence  
of the strain of the sample on the temperature, which 
was influenced by the thermal expansion of the ceramic 
body, as well as by its contraction due to possible 
dehydroxylation. The second measurement of the same 
sample obtained a dependence corresponding only  
to the thermal expansion of the ceramic body.  
The selected samples (Nos. 1, 9, 12) were subsequently 
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subjected to hydrothermal treatment (HT) – load  
in an autoclave (230 °C, 2.77 MPa, 100 h) [41],  
followed by a third measurement documenting  
the maximum moisture expansion of the rehydroxy- 
lated sample in the autoclave, see Figure 5a.

 In the case of glazes, it was not possible  
to take a sufficient amount of a sample for dilatometry 
or thermomechanical measurements, and therefore 
the characteristic temperatures and CTE values  
of the historical glazes were calculated using  
the SciGlass 6.7 software. Verification of the measured  
and calculated values of the coefficients of thermal 
expansion proved that for lead glazes, the calculated  
CTE values are slightly higher by approx. 8 %. This 
deviation and the error band, respectively, must  
be included in the calculations of the stress states  
of the historic ceramic body-glaze system [18, 19].
 Calculations of stress relations were made from 
dilatometric measurements of the ceramic bodies  
and calculated CTE values of the glazes obtained using 
the software. Courses of stress states in the ceramic 
body-glaze system are presented in graphic form  

and by indicating the value of the total mismatch Δ, 
which is used to express the total magnitude of the stress 
between the ceramic body and the glaze [31].

RESULTS AND DISCUSSION

Composition of ceramic bodies

 The initial characterisation of glazes and ceramic 
bodies was carried out using X-ray methods (XRF, 
XRD) and by the determination of parameters of ceramic 
bodies. The processing of the XRF data in the form  
of a PCA diagram (Figure 6) confirmed the division  
of faience objects into two production area groups,  
to the finds from the Nuremberg area (Nos. 1 – 3) and from 
the Bayreuth manufactory (Nos. 4 – 8). The positions  
of the other points (Nos. 9 – 11) are between these groups 
and belong to separate fragments of calcareous sherds 
from the waste pit between Salm and Schwarzenberg 
palaces. The most different composition showed  
the youngest find – flower pot No. 12. All ceramic 
bodies were calcareous, and the CaO content of imported 
faience was in the range of 16 to 24 wt. %, white plate 
No. 9 contained 18 wt. % and turquoise flower pot 
No. 12 – 6 wt. % CaO. Another admixture of all ceramic 
bodies was the magnesium component in the range  
of 1.5 to 8 wt. % MgO.

Figure 5.  An example of the dependence of strain on tempe-
rature of a historical clay ceramic sample – 1st measurement  
of the historical sample, 2nd measurement of the same sample 
and 3rd measurement of the sample after hydrothermal load 
measured by dilatometry [18].

a) dependence of strain on temperature

b) derivatives of the same dependence

a) PCA biplot of the chemical composition  
of Ca-rich ceramic bodies

b) biplot of active variables

Figure 6.  Principal component analysis of studied ceramic 
bodies.
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 The mineralogical composition is presented  
in the form of a bar chart (Figure 7), from which  
it is evident that all the sherds contain stable crysta-
lline phases created by the reaction of calcium  
and possibly magnesium components with metaclays 
during firing above 900 °C, i.e. mainly anorthite  
and diopside. Gehlenite was identified in the ceramic 
bodies of all samples except the flower pot No. 12.  
In some ceramic bodies, unreacted CaO remained after 
firing, which recrystallised into calcite during their 
deposition in the ground (samples Nos. 1 – 3, 9, 10,  
and 11). In the case of flower pot No. 12, there  
was probably a high content of clays in the raw material, 
and mullite and forsterite crystallised when fired above 
~1000 °C (Figure 7). Diopside, forsterite, and other 
secondary minerals of the pyroxene group have been 
included into one group, called the pyroxene group.

 The quantitative mineralogical composition 
was determined for samples Nos. 2, 5, 6, 9, 10, 11,  
and 12, using an internal standard method (Figure 8). 
The amount of amorphous phase ranged from 27 – 48 %  
in the case of faience; the most amorphous phase showed  
the sample of cup No. 6 - almost 50 %. The content  
of quartz ranged from 11 % to 24 %. The main attention 
was focused on the quantification of calcite and other 
Ca-containing minerals, e.g., in the bowl sample (No. 2) 
4 % calcite, 16 % gehlenite, 4 % anorthite, 9 % minerals  
of the pyroxene group. Other minerals, e.g. 3 % 
leucite in sample No. 2, were also identified. Sample 
No. 5 showed a different composition from the other 
faience samples with a high content of minerals  
of the pyroxene group of about 57 % and 5 % gehlenite. 
It can be assumed according to the semi-quantitative 
XRD analysis (Figure 7) that in the case of sample 
No. 6, the content of pyroxenes will be even higher.  

The sample of the white glazed plate No. 9 also showed  
a relatively high content of calcite (6 %); it also contained 
anorthite (15 %), gehlenite (4 %), and pyroxene group 
minerals (19 %). The amorphous phase covered about 
1/3 of the ceramic body. The same amorphous phase 
content was identified in a single ceramic body with  
a mullite content (No. 12); the crystalline phase consisted 
of a high proportion of quartz (58 %), then mullite 
(5 %), anorthite (6 %), pyroxene group minerals (2 %)  
and traces of wollastonite. The creamware fragments 
showed high contents of the amorphous phase: fragments 
No. 10 (48 %) and No. 11 (38 %). Both samples contained 
calcium components in the form of calcite (6 – 7 %), 
gehlenite (8 – 11 %), anorthite (10 – 15 %), and pyroxene 
group minerals (7 – 10 %).

Figure 7.  Mineralogical composition of samples with a calcium 
and magnesium component, bar chart.

Figure 8.  Mineralogical composition of selected samples with 
amorphous phase.
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 According to the type of ceramic body, 
relatively high values of water absorption and open 
apparent porosity were determined. For faience from  
the Nuremberg area, the values of water absorption 
were in the interval of 12 – 15 % and the open apparent 
porosity was 23 – 29 %. For the Bayreuth faience, 
the values were even higher, with water absorption  
in the range of 16 – 19 % and open apparent porosity  
of 25 – 36 %. These high porosity values led  
to the lightness and subtlety of these blue-and-white 
luxury objects, which in their appearance were close  
to the highly appreciated porcelain. For the other four 
samples, the values were in a wide interval – water 
absorption 13 – 25 % and open apparent porosity 
23 – 38 %. The lowest values of water absorption 
(12 – 16 %) and open apparent porosity (25 – 30 %) 
showed plate No. 9 and a fragment of the plate with 
blue decor No. 10. Sample No. 12 (flower pot) showed  
high water absorption of approx. 18 % and apparent 
porosity of approx. 32 %. Fragment No. 11 had  
the highest values of water absorption of approx. 25 % 
and open apparent porosity of approx. 35 %.

Composition of glazes

 All glazes are low to medium lead with contents 
of 15 – 44 wt. % PbO with an admixture of a calcium 
component in the range of 1 – 4 wt. %. White opaque 
glazes contain different amounts of SnO2 as an opacifier, 
from 0.3 to 13 wt. %, depending on the type and colour 
of the glaze. For example, the white glaze of saucer 
No. 4 contains 13 wt. % PbO and 11 wt. % SnO2;  
in the place of the blue decor 19 wt. % PbO,  
11 wt. % SnO2 and 0.7 wt. % Co3O4 was then identified. 
Cobalt ions are the most intense glass dye, 0.05 wt. % Co 
is enough to colour glass [42,43]. The presence of As, Ni, 
Bi, W, Mo, U, and Fe is also reported for cobalt ores from  
the Ore Mountains area, which had been used at least 
since the early Middle Ages [44]. Increased potassium 
content (4.7 wt. %, SEM/EDS) in the blue layers  
of the mug No. 8 (Figure 9) indicates the application  
of enamel, a cobalt glass frit [45]. This assumption  
is also confirmed by the combination of NiO-ZnO-
Bi2O3 oxides (XRF) found in some blue decors,  
for example, in the shallow bowl No. 2, which is typical 
for enamels from the Ore Mountains [46]. There were 
production centres on both sides of the mountains, both 
on the Czech side, e.g. Soví huť, Horní Blatná, Potůčky,  
and on the German side, e.g. Johanngeorgenstadt, 
Schneeberg, from where enamel was probably imported 
to the Bayreuth and Nuremberg areas.

Degradation of glazes

 Various types of defects were found on the surfaces 
of white glazes and cobalt decors (Table 2). Primary 
defects – especially pinholes (Figure 10), were observed 
to a large extent in the white-glazed plate (No. 9), 

creamware sherds (Nos. 10 and 11), and rarely in the 
faience samples (Nos. 1, 7, 8). These defects originate 
from firing as a consequence of incomplete degassing 
(release of CO2 during the decomposition of limestone) 
during the first firing. During the second firing with the 
glaze already applied, gases were additionally released 
when the glaze melted. Some bubbles reached the 
surface, where they created various pinholes. On other 
faience samples (Nos. 2, 3, 6, 7, and 8) and rarely on 
sample No. 12, blisters were observed. These are also 
primary defects when the glaze melts around the pinholes. 
Another very common primary defect – specking, when 
the glaze is contaminated by the kiln atmosphere and 
black dots are formed on the surface, was uniquely 
identified on samples Nos. 2, 3, 4, 5, 8, and 11.
 The surfaces of the faiences showed especially 
secondary defects caused by mechanical abrasion 
and the instability of the colouring components in the 
presence of a highly corrosive environment associated 
with biodegradation (Nos. 1, 2, 3, 5, 6, and 7). In 
addition to cassiterite, the presence of marcasite was 
also noted in the glazes of samples Nos. 1, 2, and 7. The 
formation of this mineral is associated with the biological 
deterioration of cobalt dyes by bacteria [47]. This type of 
defect in archaeological ceramics with high-lead glazes 
is also called as blackening (Figure 11). On some faience 
samples (Nos. 3, 5, and 6), surface corrosion of the white 
glaze was also observed.

Figure 9.  Thin-section of faience sample No. 8.

a) PPL

b) XPL
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 Sample of mug No. 8 showed a relatively larger 
number of primary and secondary defects compared  
to the other samples of faience. A large number  
of cracks is visible on its surface, which have melted 
edges, especially in the case of the blue decor (Figure 2c  
and Table 1). It is obvious that the defects were already 
created during its production (Figure 12). Degassing  
of the large grains accompanied by the formation of large 
pores within the ceramic body caused the appearance 
of defects on the surface of the glaze. In some parts  
of these cracks, efflorescence containing mainly 

chlorides, phosphates, and sulfates were identified.
Some cracks were also observed on samples Nos. 9, 10,  
and 11, and dilatometric measurements including 
laboratory hydrothermal loading were used to determine 
the source of these defects.
 The results of the dilatometric measurements  
are presented in graphic form in Figure 13. A compari-
son of the curves of relative expansions of glazes  
and ceramic bodies proved the conformity of the thermal 
expansion coefficients of both components. The second 
measurement, which characterise only the differences  
in the CTE of the glaze and the ceramic body, identi-
fied moderate compressive stress in the glaze layer  
for all samples. Therefore, the source of the observed 
cracks was not a bad choice of glazes, i.e. they were  
not primary defects from production, but secondary ones 
created afterward.
 The first dilatation measurements showed that  
the use and subsequent storage of the fragments  
in the soil resulted in only a slight reduction in com-
pressive stress within the glaze. The most significant 
decrease was found in samples Nos. 11, and 9 
(Figure 13b). The blue band around the glaze curve 
represents the error band of the calculated CTE values 
of the lead glazes. It can be seen that the lower limit  
of this band at room temperature approaches the values 
of the second measurement of the ceramic body.  
It can be assumed that under further loading by external 
conditions could cause change of the stress in the glaze 
layer.
 Specific stress values σ measured (for ceramic 
bodies) and calculated (for glazes) of these three 
samples Nos. 1, 9, and 12 are shown in Table 2. 
The total mismatch Δ values for the 1st, 2nd, and 3rd 
dilatation measurements were calculated from the stress 
relations of the ceramic bodies and glazes. The trend  
of dilatation curves described above is expressed here  
by the decrease in total mismatch values due to both usage 
and subsequent storage in the soil (2nd measurement) 
and due to hydrothermal load in the autoclave 
(3rd measurement).

Figure 10.  Detail of thin-section of faience sample No. 7  
– an orange arrow indicates the typical pinholing.

Figure 11.  Detail of the thin-section of the faience sample 
No. 5 in PPL with blackening of the blue cobalt decoration 
layer.

a) PPL

b) XPL

Figure 12.  A detail of the thin-section of sample No. 8 
with a large pore around the Ca grain continues in the form  
of a crack to the surface.



Dvořáková P., Kloužková A., Kolářová M., Kohoutková M.

398 Ceramics – Silikáty  67 (3) 387-402 (2023)

 The stress between the ceramic body and the glaze 
(the total mismatch) for the evaluated faience samples 
reached a maximum value of 76.66 MPa (Table 2),  
which is below the limit leading to the formation  
of defects (100 MPa) [31]. In the case of onglaze decors, 
a three-component system has to be taken into account, 
where two combinations must be evaluated: ceramic  
body-glaze and glaze-decor. Both such systems 
were evaluated in the plate sample No. 4. In the first 
combination, the glaze was under compressive stress, 
whereas in the second combination, the glaze was under 
tensile stress and the blue decor was under compres-
sive stress. Therefore, the plate surface did not show  
any defects associated with primary CTE mismatch  
or secondary expansion [20,33].
 Figure 14 clearly shows the course of stress 
within the glaze layers and within the ceramic bodies  
of the respective samples. Faience is represented  
by the plate sample No. 1 (Figure 14b) and it is clear 
that the content of secondary calcium compounds 
formed during firing ensured minimal damage  
due to the effect of moisture expansion, as there  
are no residues of reactive clay minerals. In three samples 
Nos. 9, 10 and 11, the opposite problem occurred  
– the released CaO after the decomposition of calcite  
did not have metaclays available, so it did not react  
to another calcium silicate mineral during firing. 
Subsequently, under the influence of soil moisture,  
the free CaO hydrated and was the source  
of volume increase (up to 14 %) [48]. Recrystallisa- 
tion of calcite takes place subsequently or simulta-
neously. The consequences can be similar to that  
of moisture expansion and lead to the formation  
of cracks, depending on the size and amount of grains 
and the thickness of the sherd. 
 This most pronounced secondary defect was 
observed in the glaze of white plate No. 9 (Table 1, 
Figure 14c) containing 7 wt. % calcite and also  
in creamware sherds Nos. 10, and 11. In the other 
objects, this process was not so strong to cause such dete- 
rioration of surfaces. Pronounced primary defects 
(Figure 12 and Table 1) were proved in faience  
mug No. 8, which were subsequently attacked  

a) faience plate No. 1

b) creamware plate No. 9

c) flower pot No. 12

Figure 13.  Calculated (glazes) and measured (ceramic bodies) 
relative expansion curves of the samples Nos. 1, 9, and 12.

Table 2.  Stress σ developed within the glaze or ceramic body and total mismatch Δ of measured glaze-ceramic body systems  
in MPa.

  

sample
  developed stress within the layer σ   total mismatch Δ

    2nd 1st 3rd 2nd 1st 3rd

    measurement measurement measurement measurement measurement measurement
      (HT)   (HT)
 

1  body 61.35 45.41 27.45 63.80 47.23 28.55
   glaze -2.45 -1.82 -1.10   
 9  body 37.96 19.10 15.27 39.47 19.86 15.78
   glaze -1.52 -0.76 -0.61   
 12  body 73.71 56.80 46.31 76.66 59.07 48.16
   glaze -2.95 -2.27 -1.85
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by corrosion and efflorescence formed here. Another 
interacting process was the water/ice transforma-
tion, which also created non-negligible crystallisation 
pressures.
 In a third type of ceramic body (Figure 14e) 
containing mullite, volume expansion of the sherd under 
hydrothermal loading was identified, although very low.  
In this case, the expansion was caused by the rehydroxy-
lation of the residues of the meta-clay component con- 
tained in the amorphous phase. The low content  
of the calcium component was not enough to react 
with all the residuals of clay minerals, and the hydro- 
thermal load enabled moisture expansion of the ceramic 

body. The source of the rearrangement of the stress curves 
(Figure 14f) was the volume change that accompanies 
the α → β transformation of quartz at 573 °C.
 Another secondary defect identified in faience 
samples Nos. 7, and 8 is also related to calcite 
recrystallisation – “delay” peeling. In the case  
of the plates (Nos. 4, and 9), shivering was observed 
(chipping of the glaze at the edges) due to a combination 
of three effects – of the curved surface, the presence  
of larger grains of temper mineral, and, above all,  
of the recrystallisation of carbonates under the surface  
of the glaze (Figure 15).
 The effect of the curved edge of the object  
and the presence of grains just below the glaze  
can be seen in the thin section of the white glazed 

a) pinholes in glaze of the plate No. 1 b) stress relation curves of the sample No. 1

c) crazing and pinholing of the plate No. 9 d) stress relation curves of the sample No. 9

e) intact glaze of the flower pot No. 12 f) stress relation curves of the sample of flower pot No. 12

Figure 14.  Stress relations of the ceramic body-glaze system of the samples Nos. 1, 9, and 12.
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plate sample (Figure 15a, b). Further on plate No. 9,  
a combination of primary defect pinholes created during 
the additional release of gasses during firing with glaze 
and the subsequent reaction of unreacted CaO back 
to calcite is documented in Figures 15c, d, e, and f. 
Recrystallisation led to the enlargement of the defect  
and the formation of cracks.

CONCLUSIONS

 Defects of glazes and decorations of archaeological 
ceramics containing a calcareous component – faience 
lifted from waste pits in the premises of Prague Castle, 

a flower pot from the Lumbe Garden, and ceramic finds 
from a waste pit between the Salm and Schwarzenberg 
Palaces were studied. The aim of the work was to identify 
the sources of defects observed on these archaeological 
finds, for which dilatometric measurements and 
calculations of the stress states of the systems ceramic 
body-glaze, or glaze-decor were mainly used. Detected 
defects can be divided into two groups:
 • Primary defects – bubble defects (pinholes,  
 blisters), specking, and shivering,
 • Secondary defects – delayed crazing, mechanical  
 abrasion, blackening, corrosion, delayed peeling.
 Primary pinholes and blisters were identified mainly 
on the white plate (No. 9), the creamware (Nos. 10  

a) sample No. 4 in PPL 

Figure 15.  Thin-section of the samples Nos. 4 and 9, PPL on the left hand side, XPL on the right hand side.

b) sample No. 4 in XPL

c) sample No. 9 in PPL d) sample No. 9 in XPL

e) sample No. 9 in PPL f) sample No. 9 in XPL
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and 11), and the faience mug (No. 8). On the other 
faience samples, the primary defects were rare.  
The source of these defects was insufficient degassing 
after calcite decomposition during the first firing.
 Secondary crazing was again the most pronounced 
on the white glazed plate (No. 9), then on creamware 
sherds (No. 10, 11), and rarely on faience (No. 8). 
The causes of defects were identified using dilatation 
measurement, determination of calcareous minerals 
(gehlenite, anorthite, calcite, and pyroxenes) and optical 
microscopy observation. The incompatibility of CTE 
values in both systems (ceramic body-glaze, glaze-decor) 
as the cause of the defects was refuted. The fundamental 
source of these defects was the combination of stress 
due to the volume increase of calcium residues after  
the calcite decomposition and its subsequent recrystal-
lisation due to the influence of the surrounding 
environment in the waste pit. Mechanical scratches 
created during the use of objects can be included  
in the group of secondary defects and were observed  
on all samples, including the very stable surface 
decoration of the flower pot.
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