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Abstract

Sand moulded casting is still one of the most efficient and cheapest methods to produce
metal parts of complex shapes. Due to their cyclic reusability and low emission of
particles and organic compounds during casting, bentonite bonded sands have an
excellent environmental performance. Moreover, sands discarded after a maximum of
cycles can be reused as raw material for in various applications.

Wet tensile strength testing is a common method to assess the quality of bentonite
bonded moulding sands. For wet tensile strength testing, a specimen is first heated
from above in order to simulate heat-driven moisture transport induced by the casting
process. Then, stress is applied until the specimen ruptures. In the first part of this study,
neutron radiography imaging was applied to moulding sands in-situ during heating and
wet tensile strength testing in order to investigate the effects of water kinematics on the
tensile strength.

Neutron radiography allowed the localization of the rupture plane and the quantitative
determination of the local water content with sub-mm resolution. Quantification of
the temperature of the rupture plane and of the heat kinematics within the specimen
was accomplished by temperature measurements both in-situ and ex-situ. In this way,
experimental data correlating the wet tensile strength with the specific conditions of
moulding sands at the rupture plane were obtained for the first time.

Series of experiments with different initial sand moisture contents were conducted.
The results show that the weakest location within a sand profile can be pinpointed at
the interface between evaporation and condensation zone (i.e., at the 100◦C isotherm),
where water vaporisation starts and the water bridges connecting the sand grains col-
lapse.

During casting, however, the moulding sand undergoes irreversible alterations, which
deteriorate its properties. Aim of this work, therefore, was to gain accurate insights
into the relation between sand alteration and property change. To this end, the wet
tensile strengths of heat pre-treated and cyclically reused sands were related to the
kinematics of water within the sand as measured by in-situ neutron radiography and
neutron diffraction.

Sands subjected to 22 cycles of drying (T = 120◦C) and remoistening (3 wt.%)
revealed modifications in smectite lattice spacings and in water release behaviour
from smectite interlayers. No significant change of tensile strength, however, was
associated with these modifications. Contrarily, sands pre-treated with temperatures
as low as 225◦C revealed a reduction of tensile strength which was correlated with
irreversible modifications of the structural and compositional integrity of the smectites
as manifested by substantially altered water kinematics. The results show that cyclic



use of moulding sand has little impact on the sand quality as long as the temperature
of the sand remains low. For the practice in foundry, the results imply that a rigorous
separation of heat-exposed sand is advantageous.

Sands bonded with sodium- and calcium-bentonite were studies in order to unravel
the influence of the exchangeable cation on the binding properties. Changes in tensile
strength as well as in heat and mass transport within the sand were investigated. Heat
pre-treated Ca- and Na-bentonite bonded sand revealed differences in tensile strength.
Although no major differences in the swelling behaviour could be detected, Na-bentonite
bonded sands have a better mechanical performance than Ca-bentonite bonded sands
both before and after the pre-treatment. The measured changes in tensile strength of
both Ca- and Na-bentonite bonded sand correspond well with the irreversible alterations
of the smectites.
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1 Introduction

1.1 Bentonite as binding agent in foundry
industries

Clays, which consist of more than 50% smectite, are called bentonite (Odom 1984).
Sodium-bentonites with a smectite composition of more than 70% montmorillonite
are the most commonly used binder for quartz sand utilised as mould material in
foundry industries (Campbell 2011). Compared to other clay minerals, the plate-shaped
montmorillonite particles with an average diameter of 1 µm show a better binding
capacity than larger clays, like illite or kaolinite (Patterson & Boenisch 1961a).

Typically, the bentonite content in so called "green moulding sands" varies between
5 to 10 wt.% (Fiore & Zanetti 2007). Depending on the bentonite content and quality,
bentonite bonded moulding sands contain 2-5 wt.% water (Paluszkiewicz et al. 2008).
Sometimes optional additives such as carbon are added to improve the surface of the
casting product. Carbon forms a reducing atmosphere during casting at the mould-metal
interface (Melcher & Schaefer 1978, Loto & Adebayo 1990, Parappagoudar et al. 2008).

Sand moulded casting is still one of the most efficient and cheapest methods to
produce metal parts even of complex shapes. Besides simplicity and cost efficiency,
bentonite bonded sands have an excellent environmental performance (Wang et al. 2007)
compared to oil or resin bonded sands. Bentonite bonded sands have lower particulate
and organic emission during casting and, moreover, they can be reused for mould
production many times (Zabat & Van Damme 2000). Sands discarded after a maximum
of cycles can be reused as raw material for concrete (Siddique et al. 2009, Guney et al.
2010) and ceramics production (Raupp-Pereira et al. 2006, Alonso-Santurde et al. 2012),
or as hydraulic barrier for landfills (Zanetti & Godio 2006).

The mechanical properties of bentonite bonded sand moulds strongly depend on
temperature, the amount of water, and the mineralogical composition of the bentonite
(Grim & Guven 1978). During casting, a temperature gradient is induced within the
sand mould. Water near the mould cavity evaporates and migrates into the colder mould
interior where it condenses. As the heat advances further into the mould, evaporation
continuous and the steam migrates further into the mould interior. The resulting total
heat and moisture transport is composed of a number of different individual processes
like heat conduction and convection, water vaporisation and condensation (Kubo &
Pehlke 1986) as well as water uptake and release within the interlayer space of the
smectites composing the bentonite.

1



1 Introduction

a)

condensation zone moulding sand melt

scab

scab

b)

Fig. 1.1: Scrap development at the top (a) and bottom (b). After the metal melt enters the
mould, sand layers next to the mould cavity flake off, causing casting defects like srabs or rat
tails. (Modified after Hasse (2007))

The spatial and temporal gradients of heat and water concentration within the mould
result in mobile zones of different mechanical properties of the moulding sand, notably
of different tensile strength (Patterson & Boenisch 1964). In the condensation zone
facing away from the melt, increasing moisture causes a significant decrease of tensile
strength. In the hot sand layers facing towards the melt, i.e. the dry zone, quartz crystals
expand and compressive stress arises. Together, the decrease of tensile strength and the
increase of compressive stress cause spalling of sand layers - especially at the top of
the mould cavity (Patterson & Boenisch 1964). The casting flaws of metal parts casted
in a defective mould are called scabs (Fig. 1.1). Scabs are among the most frequently
occurring casting defects associated with bentonite bonded sands (Campbell 2011).
The quality of bentonite bonded sand in general and the tendency towards scabbing
in particular can be determined by the ratio of compressive strength and wet tensile
strength (Patterson & Boenisch 1964). Therefore, wet tensile strength is one of the key
parameters to define the mechanical properties of bentonite bonded moulding sands.

1.2 Crystal structure of smectites
Montmorillonite, like all smectites, is a 2:1 phyllosilicate. Chemically, montmorillonite
is a hydrous sodium calcium aluminium magnesium silicate hydroxide (Anthony et al.
2000) with a general formula of (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O. Potassium,
iron, and other cations are common substitutes. The exact cation ratio varies with the
source. The crystal structure can be described by two tetrahedral sheets (T-sheets) of
silica enclosing a central octahedral sheet (O-sheet) of aluminium oxy-hydroxide (Fig.
1.2). Each SiO4−

4 tetrahedron is connected to three other SiO4−
4 tetrahedrons by shared

oxygen atoms. Consequently, each tetrahedron has three binding oxygen atoms and
one non-binding oxygen. In an individual T-sheet, all non-binding oxygen atoms are
pointing towards the same direction. Substitution of ions in the TOT-layer (mainly in

2



Fig. 1.2: Crystal structure of a dehydrated smectite. In the interlayer space, i.e. between two
neighbouring TOT layers, exchangeable cations are positioned. In montmorillonite, the centre
atoms of the octahedral sheets are typically Al3+ and Mg2+, the exchangeable cation mostly is
Ca2+ or Na+. Created with VESTA (Momma & Izumi 2008, 2011) after entry 1100106 of the
Crystallography Open Database (Gražulis et al. 2009, 2012)

the octahedral sheet) results in a charge of up to -0.6 per formula unit. This charge
is balanced by monovalent cations such as K+ or Na+ or bivalent cations such as
Ca2+. These cations are located within the interlayer space and can be surrounded by
water molecules. Hydration causes an expansion of the smectite structure in c-direction.
Therefore, the smectite volume can swell. The water molecules taken up by the cations
form layers (Hendricks & Jefferson 1938, Mering 1946). The number of water layers
depends on the stage of hydration. However, the exact value of d001 lattice spacing
also depends to the packing manner of the water molecules within the interlayer space
(Barshad 1949). The arrangement and the swelling capacity and related properties of all
smectites, therefore, strongly depend on the type of the exchangeable cation (Bergaya
& Lagaly 2006).

1.3 Current state of research

1.3.1 Capillary force and tensile strength

Tensile strength bears an important role in stress and strain behaviour of unsaturated
granular materials, being important for many fields from ceramic production (e.g.
Israelachvili 2011) to oil and gas exploration (e.g. Falode et al. 2008, Barry et al.

3



1 Introduction

2015). The basic physics behind wet granular materials such as moist quartz sand
is qualitatively well understood (e.g. Haines 1925, Kohonen et al. 2004, Rabinovich
et al. 2005, Zheng et al. 2010). In the past several decades, considerable advances
have been made understanding the capillary attraction in unsaturated granular materials
quantitatively.

Fig. 1.3: Illustration of soil–water re-
tention regimes (white: pendular regime,
bright grey: funicular regime, dark
grey: capillary regime) and tensile
strength characteristics in unsaturated
sands (dashed lines: silty sand ∅0.5 -2
mm, fine sand ∅0.8 -4 mm, and medium
sand ∅2-9 mm). (Modified after Lu et al.
(2007))

Capillary attraction between to grains is in general inversely proportional to particle
size and degree of saturation (e.g. Orr et al. 1975, Dobbs & Yeomans 1992). Because
capillary attraction depends on sand moisture and, therefore, on saturation, the tensile
strength of moist granular media is normally given as a function of saturation or water
content (e.g. Schubert 1968, Pierrat & Caram 1997, Heibrock et al. 2005, Lu et al.
2009, 2007, 2010). As the behaviour of wet granular materials differs strongly with the
degree of saturation and, therefore, with the retention capacity of the porous medium,
three different regimes are distinguished (Fig. 1.3): The pendular regime, the funicular
regime, and the capillary regime (e.g. Schubert 1968, Orr et al. 1975).

To date, most of the current theories on capillary attraction are based on interaction
between two particles within the pendular regime (e.g. Orr et al. 1975, Dobbs &
Yeomans 1992, Lian et al. 1993, Molenkamp & Nazemi 2003). Theories about the
tensile strength in the funicular and capillary regimes are rare (e.g. Lechman et al.
2006). Most of the models, which have been developed for the pendular regime, have in
common that the system normally is simplified to a two-particle systems represented by
smooth spheres, rough spheres, parallel plates, and other geometries (e.g. Fisher 1926,
Mehrotra & Sastry 1980, Schubert 1968, Likos & Lu 2004). Therefore, an explicit
knowledge of particle shape, surface roughness, size, separation distance, surface
tension, and solid-liquid contact angle is required. A new approach is to derive the
tensile strength of moist granular media by considering the suction stress of the granular
material (Lu et al. 2010).

4



Despite these advances made so far, the relationship between the mechanical proper-
ties and sand moisture is still insufficiently understood and predictions of the tensile
strength are imprecise. In general, however, it can be noted when the amount of water
exceeds the pendular regime, capillary bridges merge and tensile strength decreases.

For clayey sands like moulding sands, the exact prediction of the tensile strength
is even more challenging because the tensile strength in clayey sands is related to
different forces and bonds (e.g. Wiebe et al. 1998, Lu et al. 2007, Tang et al. 2015). In
general, four different forces and bonds can be distinguished: (1) van der Waals forces,
(2) electrical double layer forces between clay mineral surfaces, (3) capillary forces
at water bridges, and (4) bonds between grains caused by mineral precipitates from
evaporating water.

The presence of clays makes precise predictions of the tensile strength very demand-
ing. Due to the swelling behaviour of smectites, precise predictions of the amount
of water within the pore space is difficult and no models exist to calculate the tensile
strength in smectite rich sands or soils. Furthermore, the changes in temperature cause
changes of the tensile strength during casting. Bentonite bonded moulding sands during
casting, therefore, are among the most challenging wet granular media for the prediction
of tensile strength. This is the reason why up to date only experimental work on the ten-
sile strength of bentonite bonded moulding exists Patterson & Boenisch (e.g. 1961a,b,
1964, 1966). To obtain experimental access to the lowest tensile strength during casting,
Wilhelm & Dietmar (1964) invented a new tensile testing method, in which the sample
is heated from above before testing the tensile strength (i.e., wet tensile testing).

From such experiments (Patterson & Boenisch 1961a), it is well known that the
strength of the moulding sand containing the same amount of water is considerably
reduced with increasing temperature from room temperature up to the boiling point of
water. Reaching temperatures above 90◦C, capillary forces are considered to be of no
effect on the strength of the moulding sand any longer Khanna & Swarup (1961) and
the residual tensile strength is only related to the hydration state of the adsorbed cations.
Therefore, the exact behaviour of a capillary bridges during evaporation is still vague
(Maeda et al. 2003). With an increasing hydration of the cations, the tensile strength
further decreases Khanna & Swarup (1961).

Due to condensation of water that evaporates in the mould region next to the metal
melt, sand moisture exceeds the ideal amount and the tensile strength decreases. There-
fore, the preferred location of rupture is somewhere in the condensation zone where the
water amount is high and the temperature is near to the boiling point of water Patterson
& Boenisch (1961a). If the moulding sand contains a large amount of Na-smectite, the
excess water is absorbed on the clay surface in an organised structure. If Ca-smectite is
the predominant clay, the water remains in liquid form (Odom 1984). Consequently,
Na-bentonite bonded sands have a much higher wet tensile strength than Ca-bentonite
bonded sands Patterson & Boenisch (1961a).

5



1 Introduction

Fig. 1.4: Schematic distributions of tem-
perature (dashed line) and moisture con-
tent (straight line) in a sand mould con-
taining water (modified after Kubo &
Pehlke (1986)). The different zones are
illustrated by different grey scales.

1.3.2 Temperature and moisture kinematics during casting

Because tensile strength is strongly related to the sand moisture and temperature, the
moisture and temperature profile within the sand during casting is of major importance.
A model for the heat-driven mass transport in bentonite bonded moulding sands was
stated by Patterson & Boenisch (1964) and improved by Kubo & Pehlke (1986). Further
general models for heat-driven mass transport in porous media comparable to bentonite
bonded moulding sand were described e.g. by Schröder & Macherauch (1977), Udell
(1983), Starobin et al. (2011). Among these models, the model of Kubo & Pehlke
(1986) is the most detailed one for coupled heat and mass transfer occurring during
casting. Heat conduction, heat convection, condensation and evaporation were taken
into account. At a given distance from the melt, equality of temperatures of water,
quartz, and bentonite was assumed. Furthermore, heat transport by vapour transfer
and by heat conduction between sand particles and vapour were taken into account.
With respect to temperature, Kubo & Pehlke (1986) and Udell (1983) distinguished
four zones with different transport characteristics (Fig. 1.4). These four zones can be
described in the non-steady state system of this work in the following way:

1. The dry zone where the water has been vaporized completely. Here, the moisture
content is zero and the temperature is above 100◦C.

2. The evaporation zone where the temperature is 100◦C and moisture is decreasing
at a certain position over time.

3. The condensation zone where the temperatures are between 100◦C and room
temperature and the moisture content is increasing at a certain position over time.

4. The external zone where temperature and moisture are unaffected by the casting
process.
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In the dry zone, heat is mainly transported by conduction in the solid phases. In the
evaporation and condensation zone, heat transport additionally takes place by water
vapour flow within the open pore space. This moisture transport is driven by pressure
difference, diffusion, vaporisation, and condensation.

1.3.3 Smectite alteration and the influence on the properties
of bentonite bonded sands

Caused by the high temperatures during casting and the generated steam, the smectites
within the moulding sand alter. These structural alterations, which are partly reversible
and partly irreversible, lead to changes of the properties of the smectites.

At temperatures below 100◦C, montmorillonite loses interlayer water in a step-wise
manner (Schnetzer et al. 2016). While this process is assumed to be reversible, the
influences of steam and temperatures above 100◦C on the behaviour of smectites
remain ambiguously. In contrast to the findings of Couture (1985) and Oscarson &
Dixon (1989), Heuser et al. (2014) measured significant changes in cation exchange
capacity only in the case of monovalent interlayer cations and, additionally, detected
no effects on the internal structure of the mineral. Furthermore, no significant changes
of hydraulic and mechanical properties have been reported for bentonite materials
exposed to temperatures of 120◦C under wet conditions (Wersin et al. 2007). At
temperatures higher than 220◦C, reports are unequivocally: At T = 220-350◦C, OH-
groups bonded at montmorillonite surfaces are removed (Drits et al. 1995). However,
there are publications, which postulate that dehydroxylated smectites regain many of
the lost hydroxyl groups if treated with steam at temperatures between 200-300◦C (e.g.,
Grim and Bradley, 1948; Jonas, 1954; Heller et al., 1962; Hamilton, 1971; Alvero et al.,
1994). Finally, at 500-800◦C, intra-layer hydroxyl groups are removed (Emmerich et al.
1999) and the montmorillonite structure disintegrates irreversibly.

Fig. 1.5: Distribution of Al3+-ions in oc-
tahedral sheets with cis- or trans-vacant
sites (modified after Emmerich & Kahr
(2001)).

The dehydroxylation temperature is related to the position of the Al3+ cations and
their movement to other sites in the octahedral sheet (Drits et al. 1995). During dehy-
droxylation, Al3+ ions can move from trans-octahedral sites into cis-octahedral sites
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(Fig. 1.5). For the movement additional thermal energy is required, being the reason for
higher dehydroxylation temperature of smectites with Al3+ in trans-octahedral sites. By
observing two dehydroxylation peaks after rehydroxylation of preheated montmoril-
lonites, Drits et al. (1995) assumed that the transformation from trans-octahedral sites
into cis-octahedral sites occurs partially. Furthermore, Drits et al. (1995) noted that
structural changes and Al3+ movement during dehydroxylation are not restricted by the
interlayer cations.

While Al3+ can move between different sites, Fe3+ does not migrate (Heller-Kallai
& Rozenson 1980). The movement of small Li+, Cu2+, or Zn2+ cations from the
interlayer to the hexagonal cavities of the tetrahedral sheet and then to the vacant
octahedral positions of dioctahedral clays upon heating is a well-known phenomenon
(e.g. Hofmann & Klemen 1950, Greene-Kelly 1955, Calvet & Prost 1971, Emmerich
et al. 1999).

1.4 Aim of this thesis
Although, bentonite is widely used as binder for quartz sand in foundry industries,
its binding mechanisms are poorly understood. The motivation of the present study,
therefore, was not only to contribute to the improvement of the most sustainable mould
material, but also to acquire fundamental scientific knowledge about the effects of
heat-driven moisture transport on the mechanical properties of bentonite bonded sands.

Even though scabs are by far the most common casting defect in green sand casting,
neither the exact location of rupture nor the reasons for the strong decrease in tensile
strength were determined precisely, until today. Therefore, the aim of the first part
of this study was to locate the exact fracture position and to determine the exact
temperature and moisture at this location of lowest strength. An exact localisation
provides an understanding of the massive decrease in tensile strength and, therefore, a
better understanding of the binding mechanisms of smectites.

The second part of this work focuses on the reusability of bentonite bonded sand as
mould material. Exposed to temperatures above 100◦C, montmorillonite loses interlayer
water in a stepwise manner and dehydrates. Whereas this process is reversible, the loss
of OH-groups (dehydroxylation) at higher temperatures (beginning at 300◦C) likely
is irreversible (see above) (Schultz 1969, Wolters & Emmerich 2007) and influences
the smectites properties as binding agent permanently (Żymankowska-Kumon et al.
2012, Bobrowski & Grabowska 2012). While the structural changes of smectites with
temperature are well understood, the changes in binding and transport properties caused
by the alteration of bentonite bonded sand with temperature are still insufficiently
examined. Therefore, aim of the second part of this thesis is to qualify the transport and
mechanical properties of cyclically reused moulding sands (i.e., sands exposed to drying
and remoistening cycles) and of sands, which were exposed to temperatures above
the dehydroxylation temperature of smectite. Understanding the interplay between
smectite alteration and sand properties is an important step forward in improving the
recycling and reuse of moulding sands. Furthermore, better knowledge about the
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influence of smectite alteration on the properties of bentonite bonded sand enhances the
understanding of the binding mechanism within bentonite bonded sands, which also is
of tremendous importance for related processes like transport properties in bentonite
based disposal sites for radionuclides (Emmerich 2000).

In the third part of this study, the differences between Ca-montmorillonites and
Na-montmorillonites were investigated. For this, the changes of mechanical properties
and transport properties of cyclically reused and heat pre-treated Ca-bentonite bonded
sands were investigated and compared with the results of the second part of this study.
Elaborating the differences between Ca-bentonite and Na-bentonite bonded sands is
explicitly apt to provide a better understanding of the specific changes induced by heat
pre-treatment and cyclic reuse in Na-bentonite bonded sands, which are by far the
preferentially used ones in foundry industry.

1.5 Author contributions
This thesis is the detailed report of the author’s Ph.D. research work on bentonite bonded
moulding sands. Three chapter of thesis are based on scientific research manuscripts,
which were published as a journal article (chapter 3), accepted for publication (chapter
4), and in preparation for submission (chapter 5). The author of this thesis, Korbinian
Leonhard Thomas Schiebel, is the principal author of all three of these manuscripts.
The remaining chapters of the thesis comprise a general introduction, methodological
aspects, and conclusions.

Chapter 3 was published with the title “Neutron Radiographic Study of the Effect of
Heat-Driven Water Transport on the Tensile Strength of Bentonite-Bonded Moulding
Sand” by Korbinian Schiebel, Guntram Jordan, Anders Kaestner, Burkhard Schillinger,
Sandra Boehnke, and Wolfgang W. Schmahl in TRANSPORT OF POROUS MEDIA.
Supervised by GJ, the principal author was designing the neutron-compatible tensile
strength testing device, applying for beam time at FRMII and PSI, planning and con-
ducting the experiments, analysing and interpreting the data, and writing the manuscript.
The remaining authors contributed to the experiments as beam line scientists and/or
helped to improve the manuscript.

Chapter 4 is accepted for publication in EUROPEAN JOURNAL OF MINERALOGY
with the title “Effects of heat and cyclic reuse on the properties of bentonite-bonded
sand” by Korbinian Schiebel, Guntram Jordan, Anders Kaestner, Burkhard Schillinger,
Robert Georgii, Kai-Uwe Hess, Sandra Boehnke, and Wolfgang W Schmahl. Supervised
by GJ, the principal author was designing the neutron-compatible tensile strength testing
device, applying for beam time at FRMII and PSI, planning and conducting the neutron
experiments, analysing and interpreting the data, and writing the manuscript. AK, BS,
RG contributed to the experiments as beam line scientists and helped to improve the
manuscript. KUH conducted the gravimetric and calorimetric experiments and, together
with SB and WWS, helped to improve the manuscript.

Chapter 5 is in preparation for submission as journal article. Together with GJ, the
principle author was supervising the master student Sophie Wunderlich, who contributed
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to this chapter. The master student used the experimental setup, which was provided
by the author and the thesis supervisor, and conducted the Ca-bentonite experiments,
which were designed by the author and the thesis supervisor. Analysis of the data
was performed with Matlab scripts written by the author. Interpretation of the data
was performed by SW together with the author and thesis supervisor. The neutron
experiments were made possible by the beam line scientists AK, BS, and RG.
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2 Methods

2.1 Wet tensile testing

As mentioned before, a temperature gradient is induced into the mould by heat transport
from the metal melt into the moulding sand. The heat is transported connectively
and conductively. By the progressing heat, the water in the mould next to the mould
cavity evaporates. The steam diffuses into colder mould regions where it condensates.
The so-called condensation zone is formed. The condensation zone is characterized
by a considerably an increased water content. The temperature in the condensation
zone is close to the boiling point of water (approx. 100◦C) mainly due to the heat of
condensation provided by the incoming steam.

The increased water content of the condensation zone causes a reduction of the tensile
strength. The significant decrease of the tensile strength has a considerable influence on
the formation of casting defects (scabs, buckles, rat tails, veining). Wet tensile strength
testing, therefore, is the most suitable method to characterise the mechanical strength of
a sand mould during casting.

Fig. 2.1: Sketch of a wet tensile testing apparatus (modified after Hasse (2007)). a) The
two-part tensile specimen tube is turned upside down, filled with moist moulding sand, and
compressed with 2.5 kN. b) After heating the sample from above by a heating plate, tensile
testing is conducted.

For wet tensile testing, a specimen (standardized in dimension and compaction,
Fig. 2.1) is heated from above (heater temperature = 310◦C) to induce temperature
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and moisture gradients within the sample (BDG 1997). Once the condensation zone
approximately reaches an intended rupture position within the sand specimen, the tensile
force (Fr) is measured. Subtraction of the weight of the upper sample part (Fg) from
the tensile force, then, provides the net tensile force (Ft). The ratio of the measured net
tensile force and the sectional area of the specimen (A) yields the wet tensile strength
(σt):

σt =
Ft

A
(2.1)

2.2 Neutron radiography

2.2.1 Basics and experimental set up

In the past, high precision in-situ measurements of heat-driven moisture transfer within
porous media were extremely challenging. Due to recent advances, neutron radiography
became a powerful method to determine the water kinematics within porous media
quantitatively (Schillinger et al. 2006, Kaestner et al. 2008).

Neutron radiography is a non-destructive imaging method that works analogously
to X-ray radiography. Unlike X-ray, however, neutrons interact exclusively with the
atomic nuclei. Possible reactions of neutrons with atomic nuclei are neutron absorption
or coherent and incoherent scattering. The attenuation of a neutron by matter, therefore,
is different to X-ray attenuation. While the attenuation of X-ray continuously increases
with the electron density (Hubbell & Seltzer 1995), there is no significant correlation
between attenuation of neutrons and the atomic number (Lindner et al. 1976). A neutron
radiography system consists of a nearly parallel neutron beam and a detector system.
The neutron source can be a reactor like the Neutronenquelle Heinz Maier-Leibnitz
(FRM II) or a spallation source like the Swiss Spallation Neutron Source (SINQ)
(Fischer 1997).

The sample to be investigated is placed in the beam, the neutrons transmitted through
the sample are measured by a detector. Because different materials have different
attenuation coefficients, information about sample composition and structure can be
obtained by the transmitted beam by the Beer-Lambert law (Lambert 1760, Beer 1852):

τ =
I

I0

= e−Σi∆zi (2.2)

where τ is the local transmission of a parallel neutron beam in beam direction. I
and I0 are the transmitted and the initial intensity. Σi is the macroscopic cross section
of phase i and ∆zi is the thickness of phase i in beam direction (note: the Einstein
summation convention is used (Einstein 1916), therefore Σ is not used as summation
operator).

The macroscopic cross (Fig. 2.2) section and, thus, the attenuation of neutrons by
most elements forming silicate minerals (Si, Al, Ca, Fe, Mg, Na, O ...) is at least one or-
der of magnitude smaller than attenuation by hydrogen. Neutron radiography, therefore,
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Fig. 2.2: Macroscopic cross sections
of smectite forming elements in their
natural isotopic composition after Sears
(1992).

can quantify water transfer within porous media such as quartz sands, concretes, plants,
rocks and soils in-situ (Hassanein et al. 2006, Shokri et al. 2008, Schillinger et al. 2011,
Sedighi-Gilani et al. 2013, Shokri & Or 2013, Hall 2013, Jordan et al. 2013, Villman
et al. 2014, Boon et al. 2015) and is the most suitable method to determine the water
transport during wet tensile with a high spatial and temporal resolution. Therefore, it
is the ideal tool to measure the water kinematics in bentonite bonded moulding sands
in-situ during the complete wet tensile testing procedure.

For the neutron radiography experiments, a wet tensile testing apparatus was con-
structed, which is compatible with simultaneous exposure to neutron radiation. The
specimen tube (Fig 2.4) was constructed with a square cross section to avoid compli-
cated geometric aftermaths of a round sample. Heating and tensile testing was imaged
by taking neutron radiography time series. Evaluating the radiographs, the water content
in beam direction could be calculated for each pixel.

2.2.2 Image analysis

As mentioned above, the local transmission τ(x, y) of a parallel neutron beam through
a specimen in beam direction z is given by Beer-Lambert law:

τ(x, y, t) =
I(x, y, t)

I0(x, y)
= e−Σi∆zi(x,y,t) (2.3)

where I(x, y, t) and I0(x, y) are the transmitted and the initial intensity, respectively,
at the pixel-position x, y and time t. Σi is the macroscopic cross section of phase i
and ∆zi(x, y, t) is the thickness of phase i in beam direction z. The initial intensity
at each pixel I0(x, y) is determined by the median intensity of ten open beam images.
To eliminate the influence of camera offset and dark current, all images were black
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Fig. 2.3: Calibration of correlation be-
tween neutron transmission and water
thickness: Negative natural logarithm
of the corrected and normalized neu-
tron transmissions −ln(τ cor,nor) is plot-
ted versus the known sand moisture for
a sample thickness of 50 mm (44 mm
sand, 2x3 mm aluminium). Linear re-
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The correlation factor ΘW can be deter-
mined by the slope of the linear regres-
sions. The negative natural logarithm of
the transmission through the dry sand
−ln(τ cor,norS ) is equivalent to the inter-
ception of the ordinate.

field corrected. At each pixel (x, y), therefore, the median intensity of ten dark images
Id(x, y) was subtracted from each experimental radiograph as well as from the open
beam images:

τ(x, y, t)Cor =
I(x, y, t)− Id(x, y)

I0(x, y)− Id(x, y)
(2.4)

Intensity fluctuations of the neutron beam while taking the radiography image se-
quence were corrected by an individual image correction factor b(t) according to
Hassanein (2006). The factor equals the ratio of the average brightness of an open
beam area I(xo, yo, t) within a radiograph and the average brightness of the same area
in the open beam images I0(xo, yo). Additionally, the factor has to include a black
field correction for the selected area Id(xo, yo) which needs to be subtracted from both
values:

b(t) =
I(xo, yo, t)− Id(xo, yo)
I0(xo, yo)− Id(xo, yo)

(2.5)

The transmission then is:

τCor(x, y, t) =
I(x, y, t)− Id(x, y)

I0(x, y)− Id(x, y)
/b(t) (2.6)

Using the above corrections, the measured neutron transmission can be correlated
with the water thickness ∆zW (x, y, t) in a porous medium like quartz sand:

ln
(
τCor(x, y, t)

)
= −∆zSΣS −∆zW (x, y, t)ΣW (2.7)

where the index S stands for the dehydrated moulding sand and the tube walls.
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For an exact value of ΣS a precise chemical analysis of the moulding sand is required.
For a constant sand thickness ∆zS , this can be avoided by measuring the neutron
transmission of the dry sand τS . Accordingly, ∆zSΣS can be replaced by −ln(τS):

ln
(
τCor(x, y, t)

)
= ln(τCor

S )−∆zW (x, y, t)ΣW (2.8)

Fig. 2.4: Sketch of the two-part speci-
men tube and the heating plate used for
the wet tensile testing.

In this work, the specimen thickness in beam direction is not constant but well defined
(Fig. 2.4). The sand and water transmission of the pyramidal part of the sample tube,
therefore, can be normalized to the prismatic part of the sample tube by inserting a
normalization factor g(y):

g(y) =


1.227 for y ≤ 0.5

1.341− 0.227y for 0.5 < y < 1.5

1 for y ≥ 1.5

(2.9)

The relation for the corrected and normalized transmission then is:

ln
(
τCor,Nor(x, y, t)

)
=
ln
(
τCor(x, y, t)

)
g(y)

= ln
(
τCor,Nor
S

)
− ∆zW (x, y, t)ΣW

g(y)
(2.10)

With increasing water thickness, the relevance of multi scattering effects on the
measured intensities increases. For a constant thickness of the porous medium, multi
scattering can be taken into account by reference calibration measurements (Kang et al.
2013). Exchanging the product of the water thickness (∆zW (x, y, t)) and the macro-
scopic cross section of water (ΣW ) by the water content (w(x, y, t)) and a correlation
factor (ΘW ), the corrected and normalized transmission data (−ln(τCor,Nor(x, y))) of
the reference measurements can be plotted versus the moisture content of the reference
sample (Fig. 2.3).
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ln
(
τCor,Nor
Ref (x, y)

)
= ln

(
τCor,Nor
S

)
−ΘWw(x, y, t) (2.11)

The slope and the intercept of the ordinate of the linear regression of reference
transmission data yield the correlation factor (ΘW ) and the transmission of the dry sand
(ln(τCor,Nor

S )) respectively. Therefore, the total moisture amount can be calculated by:

w(x, y, t) =
(
ln
(
τCor,Nor
S

)
− ln

(
τCor,Nor(x, y, t)

))
/ΘW (2.12)

For the calculation of the error of both the initial water content and the measured
transmission, the equations from York et al. (2004) where applied using the matlab
script from Thirumalai et al. (2011). In accordance with the law of error propagation,
the maximum uncertainty in calculating the absolute water content can be assumed to
be ±0.65wt.%

δw =

√
δΘ2

W + δ
(
ln(τCor,Nor

S )ΘW
−1
)2

= 0.65wt.% (2.13)

The high thermal conductivity of aluminium causes condensation of water at the tube
walls. This condensation leads to water gradients in beam direction z. However, the
water distribution in beam direction cannot be imaged in radiographs. Only the total
transmission in z-direction can be measured. In order to assess the water inhomogeneity
in beam direction, profiles were measured along the y-axes. In these y-profiles, the
deviations between the average intensity and the intensity measured in the centre of
the profile were never bigger than 1%. Assuming the y-profiles being representative
for the beam direction z, water condensation at the tube walls contributes to the total
uncertainty of the calculation of the water amounts by approximately less than 1%.

In combination with temperature measurements and mechanical testing, neutron
radiography is not only a suitable method to investigate the coupling of heat and moisture
transport but also to assess the relation between transport and material property (Schiebel
et al. 2017). Furthermore, if water is the only mobile phase, plots of local moisture
content vs. temperature can be taken as local thermo-gravimetric measurements within
a large scale sample (Jordan et al. 2013).

2.3 Neutron diffraction

Neutron diffraction is the application of neutron scattering to determine the crystal
structure of solid matter. For this, a sample is placed in a neutron beam and the measured
diffraction pattern provides the structural information of the sample. The technique is
analogously to X-ray diffraction but due to the different scattering properties, neutrons
and X-rays provide complementary information. Neutron diffraction is the perfect tool
to determine the amount of water within the interlayers of the smectites. Because of the
small smectite content in the moulding sand (8 wt.% or less), the smectite interlayer
spacing cannot be measured by X-ray diffraction. The hydration state of the interlayer
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can directly be assessed by the d001-values of the smectite minerals. The 001-values can
be calculated from the peak position of the diffraction pattern by Bragg’s law (Bragg &
Bragg 1913):

d001 =
λ

2sin(Θ001)
(2.14)

where d001 is the d-spacing, λ is the wave length of the neutron beam and Θ001 is the
diffraction angle of the 001-reflection.

Fig. 2.5: Neutron diffraction pattern of the reference sand at room temperature. The background-
corrected fit according to Eqn. 2.15 is included.

After subtracting the background, the diffraction angle (Θ001) can be determined by
fitting the 001-peak in the powder pattern with a Gaussian function (Fig. 2.5).

Icalc(2Θ) = I001e
−2(Θ−Θ001)

c2 +B12ΘB2 (2.15)

Icalc(2Θ) is the calculated intensity as function of the diffraction angle Θ. I001 is the
calculated amplitude (peak intensity) of the 001-peak, Θ001 is the calculated centre peak
position of the 001-peak, c is the full half maximum of the 001-peak. The background
of each diffraction pattern was fitted by a Matlab algorithm with an exponential function,
therefore, B1 and B2 are the background fitting parameters.

Following the diffraction angle is:

Θ001 =

(
2Θ + c2ln

(
Icalc(2Θ)−B12ΘB2

I001

))
/2 (2.16)

The d001-spacing varies between approx. 10 and 20 Å depending on the amount of
interlayer water (Holmboe & Bourg 2013, Villar et al. 2012, Ferrage et al. 2010, Zheng
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et al. 2010, Collins et al. 1992, Bird 1984)). Particular details, like the used wave length,
of the performed diffraction analyses are given in the specific methodological sections
of the following chapters.

2.4 SEM
Scanning electron microscopy (SEM) is a non-destructive imaging technique, which
images the surface of a sample by scanning it with a focused electron beam. Various
signals are generated such as secondary electrons (SE), reflected or back-scattered
electrons (BSE) or characteristic X-rays. The spatial resolution of SEM images is high
enough to resolve the microstructure within the moulding sand. This microstructure
depicts the specific arrangement of clay particles and quartz grains within the compacted
moulding sand. The energy-dispersive X-ray spectroscopy (EDX) thereby helps to
distinguish between clay and quartz grains. Particular details of the performed electron
microscopy analyses are given in the specific methodological sections of the following
chapters.

2.5 TG & DSC
Thermogravimetry (TG) or thermal gravimetric analysis (TGA) is a method, which
determines the mass of a sample over time as the temperature changes. The sensitivity
of modern devices is high enough to measure not only the dehydration process within
the sand during heating, it also makes it possible to determine the dehydroxylation
temperatures of the smectites within the moulding during heating. The data, thus, enable
inferring on structural changes of the smectites. Also differential scanning calorimetry
(DSC) is a thermoanalytical technique. It measures the difference in heat, which is
required to increase the temperature of a sample and a reference. The heat difference
allows the determination of the dehydration and dehydroxylation temperature precisely.
Particular details of the conducted thermal analyses are explained in detail in the specific
methodological sections of the following chapters.
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3 Neutron radiographic study of
the effect of heat-driven water
transport on the tensile strength
of bentonite bonded moulding
sand

3.1 Open questions

In spite of the common use of wet tensile testing in industries (Campbell 2011), water
and heat kinematics within the specimen were never quantitatively measured in-situ
during wet tensile testing. Thus, the dependencies of fracture plane position and tensile
strength on moisture and temperature were never determined precisely. Aim of the first
part of this study was, therefore, to follow the location of the weakest point within the
moulding sand quantitatively during time and to determine the effects of heat and water
kinematics on fracture location and tensile strength.

3.2 Materials and methods

Neutron radiography time series were performed both at the cold neutron imaging facil-
ity ICON (SINQ, Paul Scherrer Institute, Villigen, Switzerland, (Kaestner et al. 2011))
and at the imaging beamline ANTARES (FRM II, Heinz-Maier-Leibnitz-Zentrum,
Garching, Germany, (Schulz & Schillinger 2015)). At ICON wet tensile strength testing
(from the begin of heating to the moment of rupture) was followed using a CMOS
camera (image frequency: 4 frames per second, field of view: 105 mm x 72 mm, spatial
resolution 0.047 mm/pixel, sample detector distance 4 cm). At ANTARES, heating and
tensile testing was imaged with a CMOS camera (image frequency: 0.55 frames per
second, field of view: 100 mm x 80 mm, spatial resolution 0.047 mm/pixel, sample
detector distance 12 cm).

From the evaluation of the radioraphs the water kinematics was quantified. According
to Hassanein et al. (2006) the radiographs were corrected for white and dark spots,
background noise, and beam fluctuation. The local water content was calculated from
the corrected radiographs by:
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3 Effect of water transport on tensile strength

w(x, y, t) =

(
ln

(
τ cors

g(y)

)
− ln

(
τ(x, y, t)cor

g(y)

))
/ΘW (3.1)

Green sand consisting of quartz (average grain size approx. 0.3 mm) and 8 wt.%
of natural sodium bentonite (Wyoming) was obtained from S&B Minerals (Imerys,
Marl, Germany). The sand has been dried at 120◦C for at least 24 hours before it was
remoistened with defined water quantities (2, 3, 4, and 5 wt.% H2O) and aged for
at least 24 hours in air-tight bags. The aged sand, then, was sieved into a two-part
aluminium specimen tube Fig. (2.4). The lower prismatic part of the specimen tube
has a quadratic 44 mm x 44 mm cross section and a height of 100 mm. The quadratic
cross section of the upper pyramidal part (height 20 mm) increased from 44 mm x
44 mm to 54 mm x 54 mm. The aluminium walls of the tube (thickness 3 mm) were
almost transparent in the neutron radiographs. The two-part specimen tube was turned
upside down and filled with sieved sand. Subsequently, the sand within the tube was
compressed with 1 MPa. Compaction depth ∆yC was measured to determine the sample
volume and to calculate porosity Φ and saturation S. For this, porosity and saturation
are defined by:

Φ =
VSt −∆yCA−mS/ρS

VSt −∆yCA
(3.2)

(VSt is the volume of the complete sample tube, mSis the mass of the dry sand, ρS is
the density of the dry sand, A is the cross section area of the lower sample tube), and

S =
mW/ρW

VSt −∆yCA−mS/ρS
(3.3)

(ρW is the density of water, mW is the mass of water) respectively.

Fig. 3.1: Tensile strength testing signal.
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To induce moisture and temperature gradients within the sample, the sand was
contacted from above with a heater which had been preheated to 310◦C according
to VDG norm P38 (BDG 1997). After a defined heating period, tensile force was
increased by 50 N/s and continuously measured by a stress gauge with a frequency of
200 data points per second. After rupture, the tensile strength σt was determined by
subtracting the weight of the upper sample part Fg (specimen and specimen tube) from
the maximum measured tensile force Fr and normalizing this net tensile force to the
cross sectional area A at the specimen neck (Fig. 3.1).

σt =
Fr − Fg

A
(3.4)

Thermocouples provided temperature data integrated over a sample volume of several
cubic millimetres. Temperature gradients on the scale of individual sand grains and pores
(filled or unfilled) were not accessible. The comparison of temperature measurements
at a given position in different experiments performed under same conditions (moisture,
porosity) showed that a temperature can be assigned to a certain position with an
accuracy of approximately±2.5 mm. This limited spatial resolution mainly results from
the low accuracy of the determination of the thermocouple position in the radiographs.

The evolution of the local temperature was continuously measured during the exper-
iments at four different positions below the specimen neck with a frequency of two
measurements per second. In order to determine the temperature distribution in the
upper pyramidal part, additional reference experiments without tensile testing were
conducted. The local temperature, thereby, was measured in steps of 5 mm from the
heating plate with a frequency of two measurements per second for at least 330 seconds.

Fig. 3.2: Moisture distribution (colour coded) calculated by equation 2.12 from the radiographs
taken 0.5 seconds before (a) and 0.5 seconds after (b) rupture. The temperature profile before
rupture is given by isotherms (black lines in radiography a).
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3 Effect of water transport on tensile strength
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Fig. 3.3: Temperature evolution with
time in three different experiments with
an initial water content of 3 wt.% mea-
sured with thermocouples at three posi-
tions below the heating plate (0, 15, 30
mm).

Fig. 3.4: Evolution of the moisture (colour coded) and temperature (black isotherms) during
heating. The rupture positions from tensile tests after different heating times are marked by
orange dots. Note, the different rupture positions were determined in a series of experiments
with identical parameters and, therefore, identical heat and water kinematics. The white lines
mark the boundaries between (from top to bottom) the dry zone, evaporation zone, condensation
zone, and the external zone, respectively.
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Fig. 3.5: Moisture distribution 30
(green), 60 (blue), 90 (turquoise), and
120 seconds (orange) after start of heat-
ing plotted versus the distance from the
heating plate for sands with different ini-
tial moistures (solid line: 3 wt.% water,
dashed line: 5 wt.% water).

3.3 Results

From individual neutron radiographs taken at a given time (Fig. 3.2), the water contents
were calculated along the central vertical profile by equation 2.12. The corresponding
temperatures (Fig. 3.3) were allocated (Fig. 3.2 a). All data were plotted versus
time (Fig. 3.4). In experiments with identical parameters (initial sand moisture, sand
compaction, heater temperature, heater power), water kinematics is highly reproducible.
Within the spatial accuracy of water detection by neutron radiography, therefore, the
moisture vs. time plots of different experiments with identical parameters are coincident.

Water evaporation starts instantaneously upon contact of sand specimen and heating
plate. Steam diffuses into the sand interior where it condenses. An increase in the
local water content in the condensation zone is the consequence (Fig. 3.5). After
approximately 120 seconds, condensing steam reaches the interstice of the specimen
tube (joining of lower base part and upper pyramidal part of the tube; Fig. 2.4). At the
interstice, condensation is increased and, eventually, water is lost from the specimen by
steam venting through the slit. Ignoring the interstice effect, the position of maximum
local moisture correlates well with the 100◦C isotherm.

In the radiographs, water content can be measured at any given time and point of the
sample - for instance at the position of a thermocouple. This water content can be plotted
vs. the momentary temperature reading of the thermocouple (Fig. 3.6). The experiments
show that the water content first increases with increasing temperature and at T≥ 100◦C
rapidly decreases. Dehydration continues to temperatures of approximately 140◦C.
Between 140◦C and 310◦C no further increase of the neutron transmission (i.e. release
of water or hydroxyls) can be observed.

If tensile stress is applied to the sample, neutron radiography allows an exact deter-
mination of the rupture location. Vertical profiles of the neutron transmissions were
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3 Effect of water transport on tensile strength

.

Fig. 3.6: Evolution of the water content
measured at a thermocouple 5 mm be-
neath the heating plate versus the local
temperature.

taken from the last radiograph recorded before rupture and from the directly subsequent
radiograph (image acquisition frequency: 4 Hz). The negative natural logarithms of the
transmissions were plotted together with the difference of the two profiles. The rupture
position was allocated to the maximum difference (Fig. 3.7). The rupture positions
were then inserted into the plots with the local water contents and temperatures (Fig.
3.4).

The rupture positions (within the tube interior) obtained by tensile testing at 51, 112,
125, 189, 225, and 315 seconds after contact with the heating plate (but otherwise
identical parameters) were inserted in Figure 3.4. The positions of the rupture plane
within the tube interior closely follow the positions of the highest moisture content.

From the measured tensile forces, wet tensile strengths (i.e. heated samples) and
green tensile strengths (i.e. unheated samples) were calculated by equation 3.4. Both
wet and green tensile strength depend on the initial moisture of the sand (Fig. 3.8).
Green tensile strength initially increases for sands with increasing moisture, then shows
a maximum of 12 kN/m2 at approximately 3 wt.% water, which corresponds to a
saturation S of 0.09 (Fig. 3.9). Finally, the green tensile strength decreases to 7.8
kN/m2 at 5 wt.% initial water content with a saturation of 0.13. At all moisture contents,
green tensile strength is higher than the related wet tensile strength. The wet tensile
strength increases from 18 to 5.8 kN/m2 for sands with 2 wt.% and 3 wt.% initial water,
respectively. A further increase of the initial moisture to 5 wt.% only causes a weak
increase of wet tensile strength to 6 kN/m2.
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Fig. 3.7: Negative natural logarithm
of the horizontal transmission pro-
files of moulding sands (3 wt.% initial
moisture) before rupture (solid line),
0.25 s later (dash-dot line), and their
difference (dash line). Upper image
and lower image taken after a heating
period of 125 and 189 s, respectively.
The maximum change indicates the
rupture position exactly.
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3 Effect of water transport on tensile strength
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Fig. 3.8: Green (empty triangles) and
wet (filled triangles) tensile strength ver-
sus moisture at the location of fracture.
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link experiments performed with identi-
cal moulding sand parameters i.e., link
green tensile strength of a given mould-
ing sand with the respective wet tensile
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Fig. 3.9: Initial (filled dots) and maxi-
mum saturation (empty dots) plotted ver-
sus initial moisture. Saturation was cal-
culated according to Eqn. 3.3.
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3.4 Discussion

3.4.1 Transport dependence on initial moisture

Like mentioned in the introduction, the model for water and heat transport within
bentonite bonded moulding sands during casting of Kubo & Pehlke (1986) is the most
detailed model, today. However, Kubo & Pehlke (1986) defined the zone boundaries
by isotherms assuming that the complete pore water evaporates at 100◦C. Exchange
between pore water and water within the interlayers of the clay minerals was not taken
into account. However, Figure 3.6 shows that water does not completely evaporate
from the moulding sand at 100◦C. This finding is in agreement with literature data
which show that due to diffusion controlled dehydration of water within the interlayers
of smectites, some water can remain within the interlayers well above 100◦C (Odom
1984, Ferrage et al. 2010, Bray & Redfern 1999, Zabat & Van Damme 2000). As water
remains in the moulding sand at temperatures up to 140◦C, the boundary between dry
zone and evaporation zone has to be moved from the 100◦C isotherm to much higher
temperatures.

The boundary between evaporation zone and condensation zone is marked by the
location where the temperature of the sand is just reaching the boiling point of bulk
water (i.e., pore water). The boundary, therefore, simultaneously represents the location
of maximum water content (max). This maximum value of moisture is predominantly
controlled by the heat capacity of the moulding sand environment (Kubo & Pehlke 1986,
Patterson & Boenisch 1961a). Once the heat of condensation raises the temperature
up to the boiling point, maximum moisture is reached and the boundary between the
evaporation and the condensation zone passes this location. According to Carslaw &
Jaeger (1959), maximum moisture wmax can be approximated by:
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wmax = w0 + (w0Cw + (1− w0)Cs)
373− T0

LW

(3.5)

where w0 is the initial water, CW the specific heat of water (approx. 4.2 kJ/(kgK) ),
Cs the specific heat of moulding sand, T0 the initial temperature, and LW the latent heat
of evaporation (kJ/kg). The specific heat of moulding sand is between 0.84 and 1.26
kJ/(kgK) (Schröder & Macherauch 1977). The water contents calculated by equation
3.5 fit well with the measured uevalues (Fig. 3.10).

Heat transfer in completely dry sand is maintained without vapour transfer i.e., mainly
by conduction. Therefore, the vertical extension (∆yDry) of the dry sand zone can be
approximated by (Kubo & Pehlke 1986):

∆yDry = q
√
t (3.6)

where q is the propagation constant. In foundry industries, equation 3.6 is also
commonly used to describe the movement of the boundary between evaporation and
condensation zone i.e., the location of maximum moisture (Campbell 2011). In order to
verify the applicability of equation 3.6 for the various zone boundaries, in-situ neutron
radiography can provide the required accurate experimental data. From moisture profiles
along the centre of the specimen tube, the positions of the boundaries were determined
in the radiographs. The boundary between the evaporation and condensation zone was
allocated by the moisture maximum during the initial 120 seconds of the experiments
(after this period, water begins to vent through the tube interstice and positioning
of the boundary becomes less accurate). Allocation of the boundaries between dry
and evaporation zone as well as condensation and external zone is more problematic
because the moisture gradients are asymptotic at these boundaries. The boundary
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Fig. 3.12: Propagation constants of
zone boundaries in moulding sands with
different initial moisture contents.

between condensation and external zone, therefore, was defined by the position where
the local moisture exceeds the initial water by more than 1%. The extent of the dry
zone was defined by the range in which the local moisture content is less than 1% larger
than at the end of the experimental run. The obtained positions of the zone boundaries
can then be plotted versus the square root of time (Fig. 3.11). The data show that the
propagation of all zone boundaries can be approximated by equation 3.6.

From the data in Fig. 3.11, the propagation constants q of the boundaries were
calculated by least square fits. Boundary propagation constants were calculated from
experiments with different initial moisture contents (2, 3, 4, and 5 wt.%; Fig. 3.12).
The propagation constants of the boundary between dry and evaporation zone, which
is primarily driven by heat conduction (Udell 1983, Kubo & Pehlke 1986), are nearly
independent of the initial water content.

The propagation constants of the boundary between evaporation and condensation
zone (Fig. 3.12) are in good agreement with Udell (1983). This author showed that the
movement of the boundary is dominated by the vapour pressure gradient between dry
and condensation zone, which is largely independent from initial moisture contents of
the sand.

The propagation of the boundary between condensation and external zone (Fig. 3.12)
is driven by water and steam diffusion (Udell 1983). The temperature at the hot end
of the condensation zone is always 100◦C. Consequently, the gas pressure difference
between both ends of the condensation zone is constant. With increasing initial moisture
both the porosity (Fig. 3.13) and the saturation of the pore space (Fig. 3.9) increase.
Although the saturation of the pore space (Fig. 3.9) increases with increasing initial
moisture, a significant effect of initial water content on gas permeability is not likely in
the range of initial water contents of this experiment. However, the heat capacity of the
mould increases with increasing initial moisture and causes an increase of the heat flux
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3 Effect of water transport on tensile strength
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Fig. 3.13: Porosity calculated by equa-
tion 3.2 versus initial moisture.

(Fan & Wen 2002). Consequently, the propagation constant of the boundary between
condensation and external zone increases (Popielarski & Ignaszak 2016).

3.4.2 Differences in tensile strength with changes in initial
moisture

The dependence of green tensile strength (i.e., the tensile strength of the unheated sand)
on sand moisture agrees well with the data of Patterson and Patterson & Boenisch
(1961a), who also observed a positive correlation of tensile strength with water content
followed by a negative correlation at water contents larger than approx. 3 wt.%. The
observed initial increase of green tensile strength with water content is in accordance to
the numerical model derived by Lu et al. (2009) for the tensile strength of moist sands.
For clay, the numerical model of Lu et al. (2010) yields a negative correlation of tensile
strength with increasing moisture. The observed decrease of the green tensile strength
at water contents higher than 3 wt.% (which corresponds to a saturation of less than 10
vol.%), therefore, may indicate that the mechanical behaviour of the moulding sand is
increasingly dominated by the clay minerals. In this context, it has to be noted that the
clay minerals in moulding sands are rolled onto the quartz grains by a milling process
rather than loosely mixed with quartz grains. The porosity and texture of moulding
sands, therefore, is strongly influenced by the quartz grains while the clay minerals may
affect the surface properties strongly.

The tensile strength of the unheated sand corresponds with the data of Patterson &
Boenisch (1961a) which also observed a strong increase of tensile strength with an
increasing water content from 2 to 3 wt.% and a strong decrease when the water content
increases further. The increase in tensile strength is in accordance to the theoretical
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model of Lu et al. (2009) for sands. The decrease at higher water contents indeed
indicate a clay like behaviour (Lu et al. 2010).

The quantitative transport data as obtained from neutron radiographs coupled with
the quantitative mechanical data obtained from tensile strength testing allow for an
investigation of the effect of heat and mass transfer on the tensile strength as one of
the most important properties of bentonite bonded moulding sands. The data show
that the tensile strength of moulding sands, which contain heat driven evaporation and
condensation zones, is significantly lower than the tensile strength of the same sands at
room temperature (Fig. 3.8). Furthermore, the data show that this decrease in strength
is taking place not homogeneously over the entire specimen. Consequently, a point of
lowest tensile strength can be located which moves away from the heat source. The
position of this weakest point depends on temperature and moisture content, both the
present and in the past. In neutron radiographs, the weakest position can clearly be
identified by the rupture plane. This plane coincides with the location of maximum
water content and the position where the sand temperature reaches the boiling point of
bulk water. The rupture plane, therefore, corresponds to the boundary of condensation
and evaporation zone.

These findings partially contradict Patterson & Boenisch (1961a) who assumed that
the supersaturation in the condensation zone (i.e, in the zone of temperatures below
the boiling point of water) is the main reason for spalling. Even though water contents
exceeding approx. 3 wt.% cause decreasing tensile strengths within the condensation
zone, the rupture positions observed in the present experiments clearly correlate with the
distinct temperature and moisture conditions marked by the boundary of condensation
and evaporation zone. As the position of this boundary depends on heat and moisture
transfer, the location of minimum tensile strength is transient and moves into the mould
interior continuously with time.

Following the reasoning of Munkholm & Kay (2002), Heibrock et al. (2005), Forsmo
et al. (2006), Zeh & Witt (2007), Vanicek (2013), capillary force is the major force
binding sand grains in moist sand. With increasing water content, the saturation
increases. At first, more water bridges are formed and the number of capillary contacts
between water and solid surfaces increases. With a further increase of the water content,
however, the pore space becomes more saturated and the water bridges merge (Lu et al.
2007, Tang et al. 2015, Song et al. 2012). The surfaces of more and more grains become
completely wetted and the cohesion between the particles decreases. Above a critical
water content, therefore, tensile strength decreases again.

Water content is not the only factor affecting tensile strength. The experiments show
(Fig. 3.8) that the tensile strength of moulding sands with a water content for instance
of 5% varies significantly with temperature. This is in accordance with Patterson &
Boenisch (1961a) who reported that moist sand has the highest tensile strength at room
temperature. The decrease of tensile strength can be explained by the temperature
dependence of capillary forces. Higher temperatures lead to a decrease of the surface
tension of water (Young & Harkins 1928) and lower the capillary forces. At the boiling
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3 Effect of water transport on tensile strength

point, surface tension of water and capillary forces become zero. The majority of water
bridges therefore do not collapse within the condensation zone but at the boiling point.

Within the evaporation zone (i.e., the zone of temperatures at and above the boiling
point of water), the residual tensile strength is related to both the binding capacity of
bentonite, which is largely facilitated by the remaining water molecules still adsorbed
at the clay surfaces, and the cementation caused by precipitation of solutes between the
sand grains from evaporating water. While the binding capability of the first decreases
with increasing temperature due to increasing water desorption from the surfaces, the
binding capability of the latter increases with increasing temperature. Above 140◦C,
finally, cementation within the virtually dry sand leads to a tensile strength which is
much higher than that of moist sand (Patterson & Boenisch 1961a). By image analyses
and consideration of earlier works, the minimum tensile strength can be precisely
located at the front of the evaporation zone.
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4 Effects of heat and cyclic reuse
on the properties of
bentonite-bonded sand

4.1 Introduction

Although the general heat-induced effects on the montmorillonite structure have been
examined intensively, the effects of heat on moisture transport and, therefore, on the
binding properties of bentonite-bonded moulding sands were subject to only very few
studies (Holtzer et al. 2011, Bobrowski & Grabowska 2012, Żymankowska-Kumon
et al. 2012). Likewise, effects of cyclic reuse on the properties of moulding sand are far
from being known satisfactorily. Altered water transport within the sand during casting
often is correlated with decreased wet tensile strength, which substantially degrades the
quality of moulding sand. In order to study both mechanical strength and water transport
properties, wet tensile testing (Schiebel et al. 2018), neutron radiography (Schillinger
et al. 2011, Hall 2013, Sedighi-Gilani et al. 2013), and neutron diffraction was applied
here. The simultaneous application of wet tensile testing and neutron radiography, in
particular, allowed for a correlation of tensile strength with both the position of the
rupture plane and the local water content of the sand with a spatial resolution in the
sub-mm range and a sub-second temporal resolution (Schiebel et al. 2018). Neutron
diffraction gave information about water residing within the smectite interlayers at
given time and temperature. Altogether, the experiments allowed a detailed evaluation
of the sand properties induced by heat and cyclic reuse. The aim of this work, therefore,
was to gain deeper insights into the changes of the properties of moulding sand induced
by heat or its continuous reuse.

4.2 Materials and method

4.2.1 Materials

Bentonite-bonded sand consisting of 92 wt.% quartz (average grain size approx. 0.3 mm)
and 8 wt.% natural bentonite (Wyoming) was obtained from S&B Minerals (Imerys,
Marl, Germany). Analysis of comparable bentonite from the same source yielded
approx. 87 wt.% smectite and 13 wt.% of other minerals (mainly feldspar, quartz, and
calcite; Jordan et al. (2013)).
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4 Effects of heat and cyclic reuse on the properties of bentonite-bonded sand

Two suites of experiments were performed. For the first suite of experiments, aliquots
of approx. 1 kg of the sand were dried at 120◦C for 24 h in a drying chamber. While
continuously mingling with an electric blender, the aliquots were remoistened to 3
wt.% H2O by slowly adding approx. 30 ml water. After a further mixing for 10 min,
the remoistened sand was finally aged for 24 h in an airtight bag. In total, this drying,
remoistening, blending and ageing procedure was cyclically repeated 13, 22 or 25 times
(the latter was used for propagation constant measurements only). The exact amount
of water added in each cycle was referred to the dry weight measured directly before
remoistening. For the second suite of experiments, aliquots of approx. 1 kg of moulding
sand containing 3 wt.% H2O were heat-treated for 24 h in a muffle furnace at T = 225,
330, 390, 435, 540, 645, or 750◦C, remoistened (3 wt.% H2O), blended for 10 min and
aged in airtight bags for at least 24 h. As reference in both experimental suites, fresh
and unused sand was dried once at 120◦C for 24 h in a drying chamber, remoistened to
3 wt.% H2O, blended for 10 min and aged in airtight bags for at least 24 h. This single
drying-remoistening procedure was essential in order to obtain sand with a defined
amount of water.

4.2.2 DSC and TG

The dried and un-remoistened reference moulding sand was simultaneously examined
by differential scanning calorimetry (DSC) and thermogravimetry (TG) in order to
determine dehydroxylation temperatures of the smectite within the moulding sand
precisely. These DSC and TG data could be correlated with the temperatures of the
dehydration and dehydroxylation of the moulding sand observed by neutron radiography
and neutron diffraction. For the thermal analysis (Thermo Microbalance STA 449 F1;
Netzsch), 63.05 mg of the sand was heated in a static argon atmosphere in a Pt-crucible
(256.74 mg), which was closed with a lid with a small hole. As reference, an empty
crucible of the same shape and weight was used. The heating rate was 10 K/min. The
final temperature was 1000◦C. A temperature calibration has been performed by using
the extrapolated onset of the melting points of indium and zinc. The uncertainty of the
temperature measurement is smaller than 1 K.

4.2.3 Neutron radiography time series of heated tensile
testing

For the tensile tests, a two part aluminium tube was used (Fig. 2.4). The lower prismatic
part had a quadratic cross section (44 mm x 44 mm) and a height of 100 mm. The
quadratic cross section of the upper pyramidal part (height 20 mm) increased from 44
mm x 44 mm to 54 mm x 54 mm. The two-part specimen tube was turned upside down
and filled with sieved sand. Subsequently, the sand within the tube was compressed
with 1 MPa, yielding a porosity of 48 ± 3 vol.%. To simulate the casting conditions, a
temperature and moisture gradient was induced by heating the sample from above with
a heating plate (T = 310◦C). The temperature within the sand sample was monitored
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with type J thermocouples at four different distances to the heating plate. After defined
heating periods (120 or 180 s), tensile tests were performed (loading ramp 50 N/s).
These heating periods yielded flat rupture planes at the intended position within the
sample tube. In order to quantify the binding properties of the differently treated sands,
at least five wet tensile tests were performed. At least two of these tests were imaged by
neutron radiography which revealed the water kinematics during the entire heating and
tensile testing period. The neutron radiography time series were performed at ICON
(SINQ, Paul Scherrer Institute, Switzerland; Kaestner et al. (2011)) and ANTARES
(FRM II, Heinz-Maier-Leibnitz-Zentrum, Germany; Schulz & Schillinger (2015)). At
ICON, samples with cyclically dried and remoistened sands were investigated using a
CMOS camera (4 frames/s, spatial resolution = 0.05 mm/pixel). At ANTARES, tensile
tests of heat pre-treated sands were conducted using a CCD camera (0.55 frames/s,
2x2 binning, spatial resolution = 0.15 mm/pixel). Tensile strength σt was calculated
according to Eqn. 4.1, where Fr is the measured maximum tensile force, Fg is the
weight of the upper sample part (Fig. 2.4), and A is the cross sectional area at the
specimen neck.

σt =
Fr − Fg

A
(4.1)

Water kinematics was quantified from neutron radiographs. The radiographs were
corrected for white and dark spots, background noise, and beam fluctuations according
to Hassanein et al. (2006). The local water content was calculated from corrected
radiographs according to the procedure explained in detail by (Schiebel et al. 2018). In
short, the water content w at the pixel position x, y and time t is:

w(x, y, t) =

(
ln

(
τ cors

g(y)

)
− ln

(
τ(x, y, t)cor

g(y)

))
/ΘW (4.2)

where τ cor is the corrected intensity of the transmitted neutron beam measured at
each pixel (x, y) in the radiograph taken at time t; τ cors is the corrected transmission of
the beam transmitting the dry sand; ΘW is the correlation factor between water content
and neutron transmission calculated from calibration measurements (Schiebel et al.
2018); g(y) is the sample geometry normalisation factor, which takes account for the
specific geometry of the two-part specimen tube.

Using Eq. 4.2, the local water content could be assigned to all sample positions
within the radiographs (Fig. 4.1). From each radiograph, a vertical profile of water
content was taken along the centre of the sample tube. In these profiles, the positions of
the boundaries between the dry zone, evaporation zone, condensation zone, and external
zone were determined. The boundary between evaporation zone and condensation zone
was assigned to the moisture maximum. Allocation of the boundaries between dry zone
and evaporation zone as well as between condensation zone and external zone was not
trivial. At both boundaries, the water content of one zone continuously approached

35
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Fig. 4.1: Neutron radiographs of wet tensile testing of the reference sand. a) First radiograph
taken after contact of the heater. The moisture of the sand is colour coded. b) Last radiograph
taken before rupture. Dry zone, evaporation zone, condensation zone, and external zone are
labelled. c) First radiograph taken after rupture.

the water content of the neighbouring zone. The boundary between condensation zone
and external zone, therefore, was allocated to the position where the local moisture
exceeded the initial water by more than 1%. The position of the boundary between
the dry zone and the evaporation zone was assigned to the location where the moisture
content is less than 0.03 wt.% H2O.

Heat driven water kinematics within the sample tube could be characterized by the
propagation constants q of the zone boundaries. According to Kubo & Pehlke (1986),
these propagation constants could be approximated by:

q =
∆y√
t

(4.3)

where ∆y are the positions of the respective zone boundaries in the radiographs
taken at time t. The propagation constants presented here were computed by linear
regressions of data in plots of ∆y versus

√
t.

4.2.4 Neutron diffraction

At the neutron diffraction beam line MIRA (FRM II, Heinz-Maier-Leibnitz-Zentrum,
Germany; Georgii & Seemann (2015), Georgii et al. (2018)), both heat pre-treated and
cyclically reused sands were investigated at defined conditions in order to estimate the
amount of water located within the smectite interlayers. Compared to X-ray, neutrons
strongly interact with water, leading to higher intensities of the smectite reflections in
moist condition. With decreasing water content, the intensities also decrease.

For the experiments, the moist sand (3 wt.% H2O) was filled into an aluminium vial
(Ø 18 mm, height 50 mm) and compressed with 1 MPa. Immediately after compaction, a
lid was screwed on the vial. The lid had a hole (Ø 3 mm) for pressure release by venting
air and water vapour. Through the hole, a thermocouple (Ø 2 mm) was fed into the vial.
The thermocouple tip was positioned in the centre of the sample. The semi-open vial
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design closely matched the conditions within the moulding sand during casting, where
ambient pressure was fairly maintained in the open pore system by transport of air and
water vapour away from the hot mould cavity towards the neighbouring colder areas.

The vial with the moist sand was heated with a furnace mounted on the instrument
thus allowing for in-situ neutron diffraction from room temperature to 135 ◦C in steps
of 5 or 10 K. At each step, the temperature was held for 40 or 60 min to evaluate
the swelling state of smectites. During both heating and holding, diffraction patterns
were continuously taken at 5-35◦ 2Θ with a step width of 0.4◦ 2Θ and an exposure
time of 2 s. Before heating and at the end of each experiment, diffraction patterns
were taken from 5◦ to 120◦ 2Θ. By the positions of the quartz peaks (determined by
basic Gaussian fitting after background subtraction), the wavelength (4.502 ± 0.009 Å)
was continuously monitored. The quartz reflection data used for the calculation were
taken from Ogata et al. (1987) (d100 = 4.2277 Å, d101 = d011 = 3.3230 Å). From each
diffraction pattern, the average d001 value of the smectite was calculated by fitting the
peak with a single Gaussian function after a background subtraction and an integration
of the previous and subsequent scan.

4.2.5 SEM

Scanning electron microscopy images were taken from sand flakes coated with a carbon
layer (≈ 10 nm). The sand flakes were made from moist sand (3 wt.% H2O) by
compression with 1 MPa and vacuum drying of the pressed flakes at room temperature.
Images were taken with a Hitachi SU5000 microscope equipped with a field emission
gun. Semi-quantitative chemical analyses by energy-dispersive spectroscopy (EDX,
AzTec, Oxford Instruments) were performed using an accelerating voltage of 20 kV
and a working distance of 10 mm.

4.3 Results

4.3.1 Thermal analyses

Between room temperature and 200◦C, TG showed a weight loss of only 0.06 wt.%,
which can be regarded as meaningless. From 200◦C to 670◦C, a continuous mass loss
of 0.043 wt.% occurred (Fig. 4.2). At 500◦C, a significant change of the mass loss
rate took place. At 725◦C, the mass loss rate decreased to almost zero. Therefore, the
weight loss from 725-1000◦C was smaller than 0.05 wt.%.

DSC (Fig. 4.2) showed an endothermic peak beginning at 400◦C with a maximum at
500◦C, correlating with the observed change in mass loss rate by TG. The peak at 500◦C
overlapped with a large endothermic peak at 576◦C. A third peak with a maximum at
670◦C (ending at 720◦C) correlated with a strong mass loss in TG. Further extensively
overlapping endothermic peaks could be observed at temperatures above 800◦C.
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Fig. 4.2: DSC and TG curve (heating
rate 10 K/min) of a bentonite moulding
sand with a bentonite content of 8 wt.%.
For the analysis, the reference sand was
used, which previously was subject to
a single drying (120◦C), remoistening
(3 wt.%), blending and ageing proce-
dure. The α-quartz transformation starts
at 573◦C and reaches maximum transfor-
mation rate at 576◦C.

4.3.2 Wet tensile strength of heat pre-treated and cyclically
reused sands
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Fig. 4.3: Wet tensile strengths of mould-
ing sands subjected to various numbers
of drying-remoistening cycles.

In the reference sand, rupture occurred at the boundary between evaporation and
condensation zone (Fig. 4.1c). This boundary coincided with the 100◦C isotherm
(Schiebel et al. 2018). The experiments with cyclically reused sands showed that the
coincidence of the rupture position with this boundary was not significantly affected by
the number of cycles. Likewise, the tensile strengths of cyclically reused sands revealed
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Fig. 4.4: Wet tensile strengths of mould-
ing sands pre-treated at different temper-
atures. Different degrees of smectite de-
hydroxylation (Fig.4.2) are indicated by
different greyscales.

no significant dependence on the number of cycles (Fig. 4.3) and remained close to the
value of 5.2 ± 0.5 kN/m2 which had been obtained for the reference sand.

The tensile strengths of heat pre-treated sands, however, were generally lower than
the strength of the reference sand (Fig. 4.4). Sand pre-treated at 225◦C revealed a
tensile strength of 3.8 ± 0.4 kN/m2. Pre-treatment at 540◦C yielded a value of 3.1 ±
0.4 kN/m2. For sands pre-treated at temperatures of 645◦C and higher, tensile strengths
were below detection limit. The sand in the dry zone of these samples just fell apart and
disintegrated into grains upon pulling the upper part of the sample tube. This behaviour
was different to all other sands examined here, which had significant tensile strengths in
the dry zone.

4.3.3 Dehydration behavior of the sand with different
pre-treatments

The drying rate increases continuously until it reaches a maximum. The maximum of
the dehydration rate is for the reference sand between 115◦C and 105◦C for sandas
pre-treated with 540◦C. The dehydration of the reference sand is completed at 130◦C.
For sands pre-treated with 540◦C the dehydration is finished at approx. 120◦C.

The TG datas of the reference sand and the cyclic treated sand are identical (Fig. 4.5).
Sands pre-treated with 225◦C show in the TG measurements a faster dehydration. The
TG curves and, therefore, the dehydration behaviour of sand treated with 330◦C and
225◦C are identical. A temperature pre-treatment of 540◦C causes a further decrease of
the dehydration temperature measured by TG.
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Fig. 4.5: TG (black lines) and DSC (turquoise lines) curves of the reference sand (thick solid
lines), cyclic treated sands (dotted lines) and temperature pre-treated sands (solid lines-dashed
lines).

4.3.4 Water kinematics in the sand column

Evaporation of water in the sand started instantaneously when contact to the heating
plate had been established. The generated steam diffused into the lower parts of the
specimen and condensed. At a given position within the sand column, therefore, the local
moisture first increased and then decreased as the dry zone advanced further. This water
transport behaviour was present in all samples examined here (Fig. 4.6). A more detailed
evaluation of the transport by a quantitative comparison of the propagation constants
of the zone boundaries, however, revealed some differences among the different sands
(Fig. 4.7, 4.8).

The propagation constants of the reference sand were 0.15 ± 0.01 mm/
√
s, 0.85 ±

0.02 mm/
√
s, and 2.80 ± 0.15 mm/

√
s for the boundaries between the dry zone and

evaporation zone, the evaporation zone and condensation zone, and the condensation
zone and external zone, respectively. With an increasing number of drying-remoistening
cycles, the propagation constants of the zone boundaries did not significantly change
(Fig. 4.7). Sands pre-treated at 225◦C or 330◦C also did not show relevant differences
(Fig. 4.8). After a pre-treatment at 390◦C, however, the propagation constant of the
boundary between the condensation zone and external zone increased to 3.9 ± 0.1
mm/
√
s. Upon increasing the temperature of the heat pre-treatment to 750◦C, the

propagation of the boundary of the condensation zone and external zone increased to
6.4 mm/

√
s (single measurement). In comparison to the propagation of the boundary of

the condensation zone and external zone, the effect of pre-treatment on the propagation
of the other two boundaries was less prominent.
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Fig. 4.6: Heat-driven movement of the water within the centre of the sample tube (same colour
code as in Fig. 4.1) depicted by plotting a square root of time sequence of vertical profiles
of neutron radiographs. a) Reference sand; b) Sand pre-treated at 330◦C; c) Sand pre-treated
at 645◦C. The red dots mark the measured boundaries between (from top to bottom) the dry
zone, evaporation zone, condensation zone, and the external zone. The white lines are the linear
regressions of the measured data points.

The maximum water contents measured at the boundary between evaporation zone
and condensation zone remained at 5 ± 0.5 wt.%, independent of cyclic reuse or of heat
pre-treatment (Fig. 4.9) .

4.3.5 Water in smectite interlayers at temperatures up to
130◦C

Reference sand

The 001-reflection of smectite was measured in all sands while applying a defined
heating protocol. Before heating, the d001 value of the smectite in the reference sample
was 17.1 Å (Fig. 4.10a). With increasing temperature, the d value decreased reflecting
a release of interlayer water. The water release rate, however, was not constant. Heating
to 100◦C and keeping the temperature for about one hour caused only a slight decrease
of the d001 value to 15.9 Å. Heating and keeping the sand at 110◦C for almost one hour
led to an almost continuous decrease of the d value to 13.1 Å. Heating to 120◦C and
keeping the temperature for another hour caused a further decrease of the d value. Upon
reaching 130◦C, the 001-refection disappeared in the background with a final d value of
approximately 9.7 Å.
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Fig. 4.7: Propagation constants of the
zone boundaries calculated from neutron
radiographs of cyclically reused sands
plotted versus the number of cycles. a)
Boundary of condensation and external
zone; b) Boundary of evaporation zone
and condensation zone; c) Boundary of
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0

Fig. 4.8: Propagation constants of the
zone boundaries calculated from neutron
radiographs of heat pre-treated moulding
sands plotted versus pre-treatment tem-
perature. a) Boundary of condensation
zone and external zone; b) Boundary of
evaporation zone and condensation zone;
c) Boundary of dry zone and evaporation
zone. Different degrees of smectite de-
hydroxylation (Fig.4.2) are indicated by
different greyscales.
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Fig. 4.9: Maximum water content at the
boundary between evaporation zone and
condensation zone for heat pre-treated
sands during wet tensile strength testing.
Different degrees of weight loss during
heat pre-treatment as detected by thermal
analyses (Fig. 4.3) were indicated by
different greyscales.

Cyclically reused sands

The temperature dependence of d001 values of cyclically reused sands revealed some
differences (Fig. 4.10b). During heating to 100◦C, the d001 value was approx. 19.6
Å. Upon heating to 110◦C, the d value decreased to approx. 14.9 Å, stayed for some
period, then decreased to approx. 13.7 Å. Even after heating to 120◦C, the d value
remained at approx. 13.7 Å for some time before it dropped and stayed at 12.5 Å. Upon
heating to 130◦C, the 001-reflection disappeared in the background with a final d value
of approx. 10.5 Å. In summary, cyclically reused sands showed significantly higher
initial and final d value (19.6 and 10.5 Å).

Heat pre-treated sands

Sands pre-treated at T ≤ 435◦C (Fig. 4.10c) showed a very large initial d value of
approx. 20 Å. The spacing then decreased to approx. 15.7 Å where it remained until the
temperature reached 115◦C. At 115◦C, the d value then dropped to 13 Å. Upon heating
to 120◦C, a further plateau was obtained at 12 Å. The reflection finally disappeared
in the background with a d value of approx. 9.6 Å. In summary, a pre-treatment at T
≤ 435◦C led to an initial d value, which was significantly higher than the one of the
reference smectite. The final d value was similar to the one of the reference.

Amount of interlayer water

The d value of the smectites allowed a rough estimation of the amount of water, which
is present within the smectite interlayers. Taking the results of Teich-McGoldrick et al.
(2015), a d001 value of 16 Å (18 Å) corresponded to approximately 5 (6.5) molecules
of water per O10(OH)2. Approximating the molar weight of the dry smectite with 370
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Fig. 4.10: Neutron diffractometer anal-
yses conducted during thermal dehydra-
tion of the reference sand (a), cyclically
reused sand (b), and sand pre-treated at
435◦C (c). The d001 value of smectite
(empty circles) and sample temperature
(black line) are plotted versus time. The
red lines mark the 100◦C levels and illus-
trate the periods of the sample tempera-
ture exceeding 100◦C.
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Fig. 4.11: SEM images of air-dried sand. a) Reference sand; b) Sand pre-treated at 645◦C.

g/mol per formula unit, one gram of dry smectite absorbed approx. 0.25 g (0.31 g)
in order to attain a layer-to-layer distance of 16 Å (18 Å). The moulding sand with a
bentonite content of 8 wt.%, therefore, contained 1.7 (2.2) wt.% of water within the
smectite interlayers at these swelling states.

4.3.6 Sand structure

The SEM images (Fig. 4.11) of the reference sand showed that the quartz grains were
covered with smectite completely. The covering film interconnected neighbouring
quartz grains and, thus, built up a three-dimensional framework in which the quartz
grains were embedded. Contrarily, sands pre-treated with temperatures of 645◦C lacked
the interconnecting three-dimensional framework and were composed of only partially
connected quartz grains.

4.4 Discussion

Temperature dependence of tensile strength

In unheated moist moulding sand, capillary force controls tensile strength (Munkholm
& Kay 2002, Heibrock et al. 2005, Forsmo et al. 2006, Zeh & Witt 2007, Vanicek 2013).
The capillary force is mainly depending on surface tension and can be assessed by sand
suction (Lu et al. 2007). Furthermore, capillary force depends on the swelling state of
the smectites, which in unheated sand affects the amount of water in the pore space. All
in all, tensile strength, therefore, is affected by the strength of water sorption forces,
the water-air interface energy within the pores (Kayser 1976, Wiebe et al. 1998), the
relative pore humidity, and the pore structure, which changes with the swelling state of
smectites (Wiebe et al. 1998).

In heated wet tensile testing as well as during casting, moulding sand develops a
non-uniform temperature and moisture gradient (Kubo & Pehlke 1986). A zone with
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4 Effects of heat and cyclic reuse on the properties of bentonite-bonded sand

low tensile strength, therefore, forms which becomes manifested by the rupture position
in tensile tests. In all experiments except the ones with sands pre-heated at T > 645◦C,
rupture occurred at the 100◦C isotherm (Fig. 4.2). This isotherm corresponded to the
boundary between evaporation zone and condensation zone (Kubo & Pehlke 1986),
where the pore water began to evaporate and the relative pore humidity was 100%. This
pore water evaporation and the concomitant decrease in capillary force, therefore, can
be regarded as the major causes for the decrease in tensile strength at this boundary.
The retaining minimum tensile strength mainly depended on the stability of the clay
mineral bridges (Fig. 4.11), which is related to the swelling state of the smectites (Laird
2006).

Although the location of weakest strength in the sand column correlated with the
100◦C isotherm, the tensile strength at this weakest location was not always the same.
The temperature dependence of the tensile strength, therefore, cannot explain the
observed differences among the sands. The integrity of the smectite structure and
composition has to be taken into account as well. The intactness of smectites may
play a role by affecting the water contents of the different sands. In the sand, water
resided in three different reservoirs: pores, surfaces, smectite interlayers. In order to
understand the different tensile strengths of the sands, knowledge of the amounts of
water within the respective reservoirs is important. These amounts were influenced by
the heat-driven water kinematics within the sand column, and, on a smaller scale, by
the retention capacity of the smectite interlayers or, from a more general perspective, by
the water kinematics between the three reservoirs.

The comparision of the diffusion constant of water molecules in and out of the
smectite interlayers (≈ 9·10-9 m2s-1; Bourg & Sposito (2010), Holmboe & Bourg
(2013)) with the propagation constant of the boundary between the evaporation zone and
condensation zone (≈ 8·10-7 m2s-1; Fig. 4.7, 4.8) shows that hydration and dehydration
of the smectite interlayers is orders of magnitudes slower than the heat driven movement
of water within the pore system of the moulding sand. This is confirmed by neutron
diffraction, which showed that certain hydration states were stable for much longer time
scales (Fig. 4.10) than relevant for moulding sand stability, both in wet tensile testing and
in foundry industry. Therefore, absorption capacity of the smectite interlayers played an
inferior role in buffering the rising supersaturation at the advancing condensation zone.

The maximum water content at the boundary between evaporation zone an conden-
sation zone was predominantly controlled by the heat capacity of the moulding sand
(Kubo & Pehlke 1986). Because smectite alteration did not strongly influence the
specific heat of the sand, the maximum water contents of the different sands did not
differ significantly (Fig. 4.9).

At the boundary between evaporation zone and condensation zone, therefore, not
only the temperature and porosity but also the total water content was independent of
the sand pre-treatment. Thus, the stability of the clay mineral bridges likely was the
main factor determining the minimum tensile strength at the rupture plane.
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Effects of temperature and water kinematics on tensile strength

In unheated moist moulding sand, capillary force controls tensile strength (Munkholm
& Kay 2002, Heibrock et al. 2005, Forsmo et al. 2006, Zeh & Witt 2007, Vanicek 2013).
The capillary force is mainly depending on surface tension and can be assessed by sand
suction (Lu et al. 2007). Furthermore, capillary force depends on the swelling state of
the smectites, which in unheated sand affects the amount of water in the pore space. All
in all, tensile strength, therefore, is affected by the strength of water sorption forces,
the water-air interface energy within the pores (Kayser 1976, Wiebe et al. 1998), the
relative pore humidity, and the pore structure, which changes with the swelling state of
smectites (Wiebe et al. 1998).

In heated wet tensile testing as well as during casting, moulding sand develops a
non-uniform temperature and moisture gradient (Kubo & Pehlke 1986). A zone with
low tensile strength, therefore, forms which becomes manifested by the rupture position
in tensile tests. In all experiments except the ones with sands pre-heated at T > 645◦C,
rupture occurred at the 100◦C isotherm (Fig. 4.2). This isotherm corresponded to the
boundary between evaporation zone and condensation zone (Kubo & Pehlke 1986),
where the pore water began to evaporate and the relative pore humidity was 100%. This
pore water evaporation and the concomitant decrease in capillary force, therefore, can
be regarded as the major causes for the decrease in tensile strength at this boundary.
The retaining minimum tensile strength mainly depended on the stability of the clay
mineral bridges (Fig. 4.11), which is related to the swelling state of the smectites (Laird
2006).

Although the location of weakest strength in the sand column correlated with the
100◦C isotherm, the tensile strength at this weakest location was not always the same.
The temperature dependence of the tensile strength, therefore, cannot explain the
observed differences among the sands. The integrity of the smectite structure and
composition has to be taken into account as well. The intactness of smectites may
play a role by affecting the water contents of the different sands. In the sand, water
resided in three different reservoirs: pores, surfaces, smectite interlayers. In order to
understand the different tensile strengths of the sands, knowledge of the amounts of
water within the respective reservoirs is important. These amounts were influenced by
the heat-driven water kinematics within the sand column, and, on a smaller scale, by
the retention capacity of the smectite interlayers or, from a more general perspective, by
the water kinematics between the three reservoirs.

The comparision of the diffusion constant of water molecules in and out of the
smectite interlayers (≈ 9·10-9 m2s-1; Bourg & Sposito (2010), Holmboe & Bourg
(2013)) with the propagation constant of the boundary between the evaporation zone and
condensation zone (≈ 8·10-7 m2s-1; Fig. 4.7, 4.8) shows that hydration and dehydration
of the smectite interlayers is orders of magnitudes slower than the heat driven movement
of water within the pore system of the moulding sand. This is confirmed by neutron
diffraction, which showed that certain hydration states were stable for much longer time
scales (Fig. 4.10) than relevant for moulding sand stability, both in wet tensile testing and
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Fig. 4.12: Median d001 value at 100◦C
of the reference sand and temperature
treated sand.

in foundry industry. Therefore, absorption capacity of the smectite interlayers played an
inferior role in buffering the rising supersaturation at the advancing condensation zone.

The maximum water content at the boundary between evaporation zone an conden-
sation zone was predominantly controlled by the heat capacity of the moulding sand
(Kubo & Pehlke 1986). Because smectite alteration did not strongly influence the
specific heat of the sand, the maximum water contents of the different sands did not
differ significantly (Fig. 4.9).

At the boundary between evaporation zone and condensation zone, therefore, not
only the temperature and porosity but also the total water content was independent of
the sand pre-treatment. Thus, the stability of the clay mineral bridges likely was the
main factor determining the minimum tensile strength at the rupture plane.

Tensile strength of cyclically reused sands

Comparing the propagation constants and the tensile strengths of the reference sand and
the cyclically reused sands, no significant changes with an increasing number of drying
and remoistening cycle could be observed (Fig. 4.7).

The neutron diffraction data at 100◦C showed that the d001 value of smectites in
the reference sand as well as in the cyclically reused sands roughly corresponded to
three water layers (Zheng et al. 2010, Villar et al. 2012, Holmboe & Bourg 2013). The
amount of water within these smectite interlayer was approximately between 1.7 and
2.2 wt.%. Thus, about the half of the total water at the boundary between evaporation
zone and condensation zone (approx. 5 wt.% (Fig. 4.9)) was located within the smectite
interlayers.

Note, the d values of the smectites in the cyclically reused sands were approx. 1.5 Å
larger than in the reference sand (Fig. 4.10). In agreement with Heuser et al. (2014),
we suggest that these higher initial d values were likely caused by mechanical effects
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originating from repeated mixing (Oscarson et al. 1990, Alonso-Santurde et al. 2012)
rather than by steam (Couture 1985, Oscarson & Dixon 1989). If steam were the cause,
smectite in the reference sand would show a high d value, too, because a single steam
treatment would likely be effective enough to expand the layers.

Tensile strength of sands pre-treated at T = 225-330◦C

The effect of heat pre-treatment was investigated by a separate suite of experiments.
Neutron radiography experiments with sand pre-treated at temperatures up to 330◦C
revealed no significant alteration of the propagation constants (Fig. 4.8). However,
neutron diffraction analyses during dehydration of these pre-treated sands showed (Fig.
4.10) that the initial smectite d001 values at temperatures up to 100◦C were significantly
larger than in the reference sand. A mechanical cause for these increased initial d values
(as in the case of cyclically reused sands) can be dismissed because the mechanical
treatment was as long and strong as in the reference sand. Thus, the heat pre-treatment
at T = 225-330◦C has to be the reason for these increased d values. In agreement
with the results obtained by thermal analysis, the pre-treatment may only have led to
minor changes of the smectite structure if any. In the case of small interlayer cations
such as Li, Cu, Zn, migration into tetrahedral sheets (McBride & Mortland 1974) or
octahedral sites (Madejová et al. 1996) might be considered as an adequate structural
modification. Larger cations (Na, Ca) migrate into these sites less likely (Calvet &
Prost 1971). However, also for smectites with larger cations like Na+, K+, Ca2+ small
changes in properties upon heating temperature were reported in literature (Chorom &
Rengasamy 1996, Komadel et al. 2005). We propose that irreversible minor structural
changes induced by the heat pre-treatment were apt to reduce the forces between the
smectites bridging two quartz grains (Laird 2006) and, therefore, were responsible
for the decrease in wet tensile strength, which was obtained for sands pre-treated at
temperatures of 225-330◦C.

Tensile strength of sands pre-treated at T > 330◦C

Pre-treatments of sands at T > 330◦C led to changes in water kinematics that were
more substantial. All three propagation constants were increased in sands pre-treated at
temperatures between 390 and 540◦C (Fig. 4.8; range marked in pale greyscale). The
increase of propagation constants correlated with the observed mass loss by TG and the
endothermic DSC-peak reaching maximum at 500◦C (Fig. 4.3). These thermal analysis
results very likely reflect a loss of tightly bound water (Kuligiewicz & Derkowski 2017)
or of an early loss of hydroxyl-groups (Emmerich et al. 1999), although for cis-vacant
montmorillonites dehydroxylation was found to take place not below 600◦C (Wolters &
Emmerich 2007). Irrespective of the removal of tightly bound water or hydroxyl-groups,
the changes of smectites by the heat pre-treatment were the likely cause of the observed
tensile strength reduction.

It needs to be noted, however, that the smectites located at the rupture plane (i.e.,
at 100◦C isotherm of the sample column) still contained three layers of water. This
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high amount of interlayer water was likely facilitated by the high partial pressure of
water in the pore space of the sand (c.f., Emmerich et al. 2015). This interlayer water is
indicative of the existence of some layer charge and is a clear indication for only minor
or moderate changes of the smectites at temperatures below 645◦C.

Pre-treatments at T ≥ 645◦C caused a strong increase of the propagation constant
of the boundary between the condensation zone and external zone (Fig. 4.8; range
marked in dark greyscale). Pre-treatments at 750◦C, led to significantly higher values
of all propagation constants. The increased water transport rates and decreased tensile
strengths correlated with the observed DSC-peak at 670◦C (Fig. 4.3), which is typically
for a dehydroxylation of cis-vacant montmorillonite (Emmerich et al. 2009).

SEM of these samples showed quartz grains being located individually rather than
interconnected by smectite coatings (Fig. 4.11b). The most prominent property change,
however, was that sand pre-treated at T ≥ 645◦C did not harden in dry state but trans-
formed into loose grains. The tensile strengths of these sands, therefore, decreased to
zero in all areas where the water bridges between the grains were evaporated completely.
Consequently, the position of the rupture plane of these sands shifted into the dry zone.
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5 Comparison of moulding sands
bonded with sodium and
calcium bentonites

5.1 Introduction

In smectites, the charge of the tetrahedral and octahedral layer is compensated by the
interlayer cation. Depending on the kind of cation, the properties of montmorillonite
strongly differ. Rheological properties such as viscosity, gel strength, yield stress, and
thixotropic behaviour are affected by the layer charge (Christidis et al. 2006) as well
as the cation exchange capacity and the ion exchange selectivity (Maes & Cremers
1977). The swelling behaviour and, therefore, the water uptake and release from the
interlayer space of smectites are strongly affected by the charge of the exchangeable
cations (MacEwan & Wilson 1980, Laird et al. 1995). Compared to montmorillonites
without Ca2+, montmorillonites containing Ca2+ have a considerable different swelling
behaviour (Zheng et al. 2010). Thereby, it is of particular importance whether Ca2+ is
incorporated into the montmorillonite structure or not.

The differences in swelling behaviour and rheological properties of smectites are
reflected in the heat and water transport within moulding sands and the mechanical
properties of the sands. Both green as well as wet tensile strength differ strongly
depending on the chemical composition of the bentonite. In comparison to calcium
bentonite bonded sand, sodium bentonite bonded sands have a significantly higher wet
tensile strength (Odom 1984, Patterson & Boenisch 1961a). Consequently, Na-bentonite
is the preferably used bonding agent in sand casting.

The study of the mechanical and transport properties of Ca-bentonite bonded quartz
sands, however, can provide useful information about the interplay between the chemical
composition of the bentonites on the one hand and the moulding sand properties on the
other hand. Furthermore, the investigation of the property change of Ca-bonded sands
by cyclic reuse or temperature pre-treatments provides also valuable insights into the
binding mechanism of the more significant Na-bonded sand.
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5 Comparison of moulding sands bonded with sodium and calcium bentonites

5.2 Specific experimental details

5.2.1 Materials

Quartz sand (average grain size approx. 0.3 mm) mixed with 8 wt.% natural calcium
bentonite (Bavaria, Germany) was provided by S&B Minerals (Imerys, Marl, Germany).
Grain size, bentonite content and sand moisture were equal to the Na-bentonite bonded
sand used in the previous experiments (see foregoing chapters).
Three experimental suites were conducted:

• In the first suite of experiments, aliquots of approx. 1 kg sand were dried in a
drying chamber at 120◦C, re-moistened with 2, 3, 4 or 5 wt.% H2O and mingled
for 10 minutes in a kneading machine.

• In the second suite of experiments, aliquots of approx. 1 kg sand were cyclically
dried in a drying chamber at 120◦C, re-moistened with 3 wt.% H2O and mingled
for 10 minutes in a kneading machine. This procedure was repeated for 13 or
23 times, respectively, before the measurements of the sand properties were
conducted.

• In the third suite, sand aliquots (approx. 1 kg) were treated in a muffle furnace at
temperatures of 225, 330, 390, 435, 540, 645 or 750◦C for 24 hours. After the
heat treatment the sand mixture was remoistened with 3 wt.% water and mingled.

As a reference, untreated sand was used, which was dried once in a drying chamber
at 120◦C for 24 hours, moistened to 3 wt.%, and mingled. This single drying and
moistening is indispensable to define the initial amount of water exactly. After the
final moistening, all samples were aged for at least 24 hours in airtight bags before
performing analyses.

5.2.2 Methods

The dehydration behaviour of heat pre-treated and cyclically reused Ca-bentonited
bonded sands were investigated at the neutron diffraction beam line MIRA (FRM II,
Heinz-Maier-Leibnitz-Zentrum, Germany; Georgii & Seemann (2015), Georgii et al.
(2018)) in order to allocated the water in the smectite interlayers or the pore space.
Moist sands (3wt.% H2O) were filled into aluminium vials (Ø 18 mm, height 50 mm)
and compressed with 1 MPa. The vials were immediately closed with a lid. For pressure
release by venting air and water vapour, the lid had a hole (Ø 3 mm). Through a second
hole, a thermocouple (Ø 2 mm) was placed in the centre of the sample. The semi-open
vial design imitates the conditions within the moulding sand during casting, where
ambient pressure is fairly maintained in the open pore system by transport of air and
water vapour away from the hot mould cavity towards the neighbouring colder areas.

The filled vial was heated by a furnace mounted on the instrument. In-situ neutron
diffraction was applied to measure the d001 peak of smectite from room temperature to
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Fig. 5.1: Diffraction patterns of the reference Ca-bentonite bonded moulding sand taken at
105◦C, 110◦C and 115◦C. The background fit is indicated by a turquoise line. The fit of the d001
peak of smectite is shown by a red line.
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5 Comparison of moulding sands bonded with sodium and calcium bentonites

135◦C. After each distinct heating step, the temperature was held constant to evaluate the
swelling state of smectites. During both heating and holding, diffraction patterns were
continuously taken at 5-35◦ two theta with a step width of 0.4◦ two theta and an exposure
time of 2 s. Before heating and at the end of each experiment, diffraction patterns were
taken from 5◦ to 120◦ two theta. From the quartz peaks positions (determined by basic
Gaussian fitting after background subtraction), the wavelength (4.502 ± 0.009 Å) was
calculated. The quartz reflexion data used for the calculation were taken from Ogata
et al. (1987)(d100 = 4.2277 Å, d101 = d011 = 3.3230 Å). From each diffraction pattern
taken during heating, the average d001 value of the smectite was calculated by fitting
the diffraction peak with a single Gaussian function (5.1). Before fitting the peak, the
background was fitted by an exponential function and subtracted from the diffraction
pattern.

5.2.3 Tensile testing

For the determination of the mechanical properties of the calcium bentonite bonded
sand both green and wet tensile testing were conducted. The sand specimens were filled
into a two-part aluminium square tube. The lower prismatic part has a height of 100
mm and a cross section of 44 mm x 44 mm. The cross section of the upper pyramidal
part (height 20 mm) increased from 44 mm x 44 mm to 54 mm x 54 mm (Fig.2.1). The
two-part tube was filled from the bottom by turning the tube (Fig.2.1) upside down. The
sand was sieved into the turned tube and compressed with 1 MPa.

Before wet tensile testing was conducted, a temperature and moisture gradient was
induced in the tensile specimens by heating them from above with a heating plate (T =
310◦C). After a defined heating period (120 or 180 s), tensile load was applied (loading
ramp 50 N/s) and the tearing force was measured. The tensile strength σt was calculated
by the quotient of tearing tension to the sectional area of the specimen neck according
to Eqn.1.

5.2.4 Neutron radiography

Experiments were conducted at ICON (SINQ, Paul Scherrer Institute, Switzerland;
Kaestner et al. (2011)) and ANTARES (FRM II, Heinz-Maier-Leibnitz-Zentrum, Ger-
many; Schulz & Schillinger (2015)). The entire heating and tensile testing experiments
were imaged successively in order to follow the water kinematics and to determine
location and moisture of the rupture plane within the sand column. At ICON, samples
with cyclically dried and remoistened sands were investigated using a CMOS camera
(4 frames/s, spatial resolution = 0.05 mm/pixel). At ANTARES, tensile tests of heat
pre-treated sands and different initial moistures were conducted using a CCD camera
(0.55 frames/s, 2x2 binning, spatial resolution = 0.15 mm/pixel).

The radiographs were corrected for white and dark spots, background noise, and beam
fluctuation according to the work of Hassanein et al. (2006). Within each radiography,
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the local water content was calculated for each pixel according to Schiebel et al. (2017)
by:

w(x, y, t) =

(
ln

(
τ cors

g(y)

)
− ln

(
τ(x, y, t)cor

g(y)

))
/ΘW (5.1)

where w(x, y, t) is the water content w at pixel position x, y and time t. τ cor is the
corrected intensity of the transmitted neutron beam; τ cors is the corrected transmission of
the beam transmitting the dry sand; ΘW is the correlation factor between water content
and neutron transmission calculated from calibration measurements (Schiebel et al.
2017); g(y) is the sample geometry normalisation factor, which takes account for the
specific geometry of the two-part specimen tube.

In each radiograph, the local amount of water was measured a long a vertical profile
in the centre of the sample tube. In each profile, the boundary between evaporation
and condensation zone was assigned to the moisture maximum. The boundary between
condensation and external zone was assigned to the first position with a constant
water content following the maximum. The position of the boundary between dry and
evaporation zone was assigned to the location of a water content of zero, which was
most distant from the heating plate.

From the determined zone boundaries the propagation constants q of the zone bound-
aries were calculated according to Equation 3.6.

5.3 Results and comparison to Na-bonded sands

5.3.1 Sands with different initial water contents

Rupture position

Independent of the water content and the bentonite composition, the location of rupture
can be pinpointed at the boundary between evaporation and condensation zone, where
the temperature is exactly 100◦C.

Water kinematics

The dependence of the water kinematics on initial moisture content within Ca-bentonite
bonded sands was largely similar compared to Na-bentonite bonded sands (Fig. 5.2).
The propagation constant of the boundary between dry zone and evaporation zone
as well as the propagation constant of the boundary between evaporation zone and
condensation zone stayed almost unchanged with an increasing initial water content. In
contrast, the propagation of the boundary between condensation zone and external zone
increased independent of the bentonite type. However, the degree of the increase of the
propagation constant differed. While for Ca-bentonite bonded sand the propagation
constant increased from approx. 1.9 mm/

√
t at 2 wt.% water to 3.4 mm/

√
t at 8 wt.%
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Fig. 5.2: Propagation constants of zone
boundaries in moulding sands with dif-
ferent initial moisture contents. Filled
dots denote Na-bentonite bonded sands,
empty dots Ca-bentonite bonded sands.

water, the propagation constant of the sand containing Na-bentonite increased much
faster from 2.7 mm/

√
t at 2 wt.% water to 4.5029 mm/

√
t at 5 wt.% water.

The maximum water content increased from 4.4 wt% (initial water 2 wt.%) to 11
wt.% (initial water 8 wt.%) (Fig. 5.3) in Ca-bentonite bonded sands. The linear increase
in maximum water content was similar to the behaviour of Na-bentonite bonded sand.

5.3.2 Cyclically reused sands

Tensile strength

The wet tensile strengths of the reference Ca-bentonite bonded sand as well as of
cyclic reused Ca-bentonite bonded sand were approximately 4.5 kN/m2 and, therefore,
1 kN/m2 lower than of Na-bonded sands of the same bentonite content and moisture
(Fig.5.4). Like in the Na-bentonite bonded sand no substantial changes in the wet tensile
strength could be observed with an increasing number of drying-remoistening cycles.
The wet tensile strength stayed constant at around 4.5 kN/m2.

Water kinematics

With an increased number of drying and remoistening cycles, no significant changes
in the water kinematics could be observed. Both, the movement of the zone bound-
aries 5.5 (0.1 mm/

√
s boundary dry/evaporation zone; 0.75 mm/

√
s boundary evap-

oration/condensation zone; 3 mm/
√

s boundary condensation/external zone) and the
maximum water content in the condensation zone (Fig. 5.6) stayed unchanged with an
increasing number of drying and remoistening cycles. Thereby, the behaviour of the
propagation constants and the maximum water contents of Ca-bentonite bonded sand
and Na-bentonite bonded sand was identical.
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Fig. 5.4: Wet tensile strengths of ben-
tonite bonded sands subjected to various
numbers of drying-remoistening cycles.
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sands, empty dots Ca-bentonite bonded
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Fig. 5.7: Initial (squares) and maxi-
mum (dots) neutron transmission of Ca-
bentonite bonded sand (empty symbols)
and Na-bentonite bonded sand (filled
symbols) depending on the temperature
of the pre-treatment. The maximum
transmission corresponds to the transmis-
sion of the dry sand next to the heating
plate in the uppermost region of the sand
column.

5.3.3 Heat pre-treated sands

Dehydroxylation

In the radiographs, the maximum neutron transmission corresponds to the transmission
of the dehydrated sand in the upper part of the sand column next to the heating plate.
The maximum transmission as well as the initial transmission increase with the release
of any hydrogen by the smectites. Therefore, the initial and maximal transmission
allow assumptions about the dehydroxylation state of the smectites of the heat pre-
treated sands. The initial and the maximum transmission stayed unchanged up to a
pre-treatment temperature of 435◦C (Fig. 5.7). However, from 435◦C to 750◦C both,
an increase of the initial as well as of the maximum neutron transmission could be
observed, indicating a loss of OH-groups by the smectites. While for Ca-bonded sands,
an increase of the initial and maximal transmission could be observed beginning at
435◦C, the first increase in Na-bentonite bonded sands could be detected at 540◦C
portending on a release of the OH-groups at higher temperature.

Sand structure

In the SEM images of the reference Ca-bentonite bonded sand, it can be seen clearly that
the quartz grains are completely covered with smectite. The covering film interconnects
neighbouring quartz grains, which build a three-dimensional framework embedding
the quartz grains. Compared to the Na-smectites of the moulding sand investigated in
chapter 4, the Ca-smectites are bigger in size and adhere on the quartz grains worse.
The framework formed by the Ca-smectites looks more fragmentary than the framework
formed by Na-smectites (Fig. 5.8). Ca-bentonite bonded sands pre-treated with a
temperature of 540◦C still have a three dimensional smectite framework but the quartz
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5 Comparison of moulding sands bonded with sodium and calcium bentonites

a) Ca-bentonite bonded, reference

c) Na-bentonite bonded, reference

b) Ca-bentonite bonded, 540°C

d) Na-bentonite bonded, 640°C

Fig. 5.8: SEM images of air-dried sand. a) Reference Ca-bentonite bonded sand; b) Ca-
bentonite bonded sand pre-treated at 645◦C. c) Reference Na-bentonite bonded sand; d) Na-
bentonite bonded sand pre-treated at 645◦C.
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grains seem to be covered by the smectite less perfectly and the smectites seem to be
less voluminous and less homogeneously distributed.

Ca-bentonite bonded sands as well as Na-bentonite bonded sands that have been
pre-treated with temperatures of 645◦C and higher lack the interconnecting three-
dimensional framework. Consequently, these heat pre-treated sands were composed of
quartz grains, which were connected only partially.
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Fig. 5.9: Neutron diffractometer analy-
ses conducted during thermal dehydra-
tion of the reference sand (black), sand
pre-treated at 225◦C (red), and sand pre-
treated at 435◦C (turquoise). The d001
values of smectite (empty circles) and
sample temperature (line) are plotted ver-
sus time. The grey shaded areas indi-
cate the ranges of d001 values, which, ac-
cording to literature, are associated with
smectites containing 0, 1, 2, and 3 layers
of water within the smectite interlayer.

The temperature dependent d001 values were determined in-situ by exposing heat
pre-treated samples to increasing temperatures within the neutron diffractometer. The
initial d001 values of Ca-montmorillonite in the reference sand as well as in sands pre-
treated with 225◦C and 435◦C were approx. 19.4 Å (Fig. 5.9). According to Collins
et al. (1992) these d values correspond to three layers of interlayer water but after Zheng
et al. (2010) these d values indicate an amount of water exceeding three layers. With
an increase in temperature, the d values discontinuously decreased with the release
of interlayer water. Independent of the heat pre-treatment of the samples, heating to
100◦C and holding the temperature in the diffractometer for around 30 minutes caused
no significant decrease of the d001 values.

Heating to 105◦C and holding the temperature in the diffractometer for almost half an
hour resulted in a continuous decrease of the d values down to approx. 16 Å for sands
pre-treated at temperatures up to 435◦C. These values correspond to three layers of
water (Zheng et al. 2010). With increasing diffractometer temperature, the d values of
the reference sand and the sand pre-treated at 225◦C stayed unchanged until temperature
in the diffractometer reached 115◦C. In contrast, the d values of sand pre-treated at
435◦C instantaneously decreased from approx. 16 Å to 12 Å when the diffractometer
temperature exceeded 105◦C. At the end of the 115◦C holding period, the d values of all
three samples (reference as well as samples pre-treated at 225◦C and 435◦C) reached a
plateau that corresponded to one layer of water (Collins et al. 1992, Ferrage et al. 2007,
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Fig. 5.10: Neutron diffractometer analyses conducted during thermal dehydration of the
reference sand (a) and sand pre-treated at 435◦C (b). The d001 values of smectite (filled
circles for Na-bentonite bonded sand, empty circles for Ca-bentonite bonded sand) and sample
temperature (solid lines Na-bentonite bonded sand, dashed lines for Ca-bentonite bonded sand)
are plotted versus time. The red lines mark the 100◦C levels and illustrate the periods of the
sample temperature exceeding 100◦C. The grey areas indicate the ranges of d001 values, which,
according to literature, are associated with smectites containing 0, 1, 2, and 3 layers of water
(from bright to dark greyscales) within the smectite interlayer for Na-bentonite bonded sand.
The grey shaded areas indicate the ranges of d001 values, which, according to literature, are
associated with smectites containing 0, 1, 2, and 3 layers of water (from slightly to heavily
shaded) within the smectite interlayer for Na-bentonite bonded sand.

Zheng et al. 2010).For higher pre-treatment temperatures, the d values measured under
the same conditions were significantly smaller.

Finally, heating the sand specimens within the diffractometer to 130◦C, the 001-
reflections disappeared in the background with final d values of approximately 10 Å
for the reference sand and 9.5 Å for the pre-treated sands, indicating the complete
dehydration of the smectites (Collins et al. 1992, Ferrage et al. 2007, Zheng et al. 2010).

Compared to not pre-treated Na-bentonite bonded sands, the initial d values of all
Ca-bentonite bonded sands were bigger (Fig. 5.10 a). At diffractometer temperatures of
100◦C, the different d values were still evident. Heating the samples in the diffractometer
up to 105◦C, different d values between Na- and Ca-bonded could not be detected any
longer. If a heat pre-treatment was performed, the behaviour of the d values with
increasing temperature was quite similar for both Ca- and Na-bentonite bonded sands
(Fig. 5.10 b), and even the initial d values were of the same magnitude.

Tensile strength

For sand heat pre-treated at 330◦C, the wet tensile strength decreased from of 4.7 kN/m2

to 2.4±0.4 kN/m2. The wet tensile strength stayed unchanged at 2.8±0.4 kN/m2 with
an increasing pre-treatment temperature up to 435◦C. Pre-treating the sand at 540◦C, a
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Fig. 5.11: Wet tensile strengths of ben-
tonite bonded sands pre-treated at dif-
ferent temperatures. Filled dots de-
note Na-bentonite bonded sands, empty
dots Ca-bentonite bonded sands. Dif-
ferent degrees of smectite dehydroxyla-
tion (Fig.4.2) are indicated by different
greyscales.

second decrease of the wet tensile strength down to 1.2 kN/m2 was measurable. Pre-
treatments with temperatures above 645◦C caused a decrease of the tensile strengths
below the detection limit and a movement of the position of rupture into the dry zone.
value Therefore, the behaviour of the wet tensile strength with temperature of Ca-
bentonite bonded sand is comparable to the behaviour of Na-bonded sand. Only the
decrease in tensile strength for Ca-bonded sands pre-treated at 540◦C could not be
detected in Na-bonded sand.

Water kinematics

Compared to Na-bentonite bonded sands, the water kinematics of Ca-bentonite bonded
sands changed considerably with higher pre-treatment temperatures. While an increase
of all propagation constants could be observed for pre-treated Na-bentonite bonded
sands (particularly at temperatures of 645◦C and higher) none of the propagation con-
stants of Ca-bonded sand changed significantly with an increasing pre-treatment tem-
perature. The propagation constants of Ca-bentonite bonded sand were approximately
0.1 mm/

√
s (boundary of dry zone and evaporation zone), 0.75 mm/

√
s (boundary of

evaporation zone and condensation zone), and 3 mm/
√

s (boundary of condensation
zone and external zone). Only an increase of the propagation constant of the boundary
between the evaporation zone and condensation zone from 0.9 to 1.1 mm/

√
s starting at

a temperature pre-treatment of 435◦C could be detected.
Just as the dependence of the propagation constants on pre-treatment temperature, no

change in the maximum water amount (occurring at the boundary between dry zone
and evaporation zone) could be observed.

63



5 Comparison of moulding sands bonded with sodium and calcium bentonites

0 200 400 600 800
Heat treatment (°C)

0

0.2

0.4
0.5

1

1.5

P
ro

p
a

g
a
ti
o
n
 c

o
n
s
ta

n
ts

 (
m

m
/

s
)

2

4

6

8 Fig. 5.12: Propagation constants of the
zone boundaries calculated from neutron
radiographs of heat pre-treated moulding
sands plotted versus pre-treatment tem-
perature. a) Boundary of condensation
zone and external zone; b) Boundary of
evaporation zone and condensation zone;
c) Boundary of dry zone and evaporation
zone. Filled dots denote Na-bentonite
bonded sands, empty dots Ca-bentonite
bonded sands. Different degrees of smec-
tite dehydroxylation are indicated by dif-
ferent greyscales.

0 200 400 600 800

Temperature treatment (°C)

0

2

4

6

8

M
a
x
im

u
m

 w
a
te

r 
(w

t.
%

) Fig. 5.13: Maximum water content
versus temperature of the heat pre-
treatment. Different degrees of smectite
dehydroxylation are indicated by differ-
ent greyscales.

64



5.4 Discussion

5.4.1 Sands with different initial water contents

At the boundary between the evaporation zone and condensation zone, the water content
reaches a maximum (wmax). This maximum water content is predominantly controlled
by the heat capacity of the moulding sand (Kubo & Pehlke 1986, Patterson & Boenisch
1961a).

wmax = w0 + (w0Cw + (1− w0)Cs)
373− T0

LW

(5.2)

where w0 is the initial water, CW the specific heat of water (approx. 4.2 kJ/(kg K)),
Cs the specific heat of moulding sand, T0 the initial temperature, and LW the latent
evaporation heat (kJ/kg). Since the changes in the bentonite composition did barely
influence the specific heat of the sand, the maximum water contents of (not pre-treated
and not reused) Ca-bentonite bonded and Na-bentonite bonded sands do not differ from
each other significantly.

However, the heat capacity of the moulding sand increases with increasing initial
moisture and causes an increase of the heat flux (Fan & Wen 2002). This relation can
be regarded as the reason for the increased movement of the condensation zone front
(Popielarski & Ignaszak 2016).

5.4.2 Cyclically reused sands

Neither significant changes of the propagation constants (Fig. 5.5) nor changes in
tensile strength (Fig. 5.6) could be observed with an increasing number of drying and
remoistening cycles. This observation for Ca-bentonite corresponds well to the results
of Na-bentonite bonded sand. A strong impact of steam on the montmorillonite structure
and on its swelling behaviour such as postulated by Couture (1985) and Oscarson &
Dixon (1989), therefore, could not be confirmed by this experiments.

5.4.3 Heat pre-treated sands

Differences in the interlayer water

At a temperature of 100◦C within the diffractometer the d001 values of the smectites of
the reverence sand and of sands pre-treated with 225◦C or 435◦C were of the same size.
This indicates that the d001 value and, consequently, the swelling capacity are not the
main factors being responsible for the decrease in tensile strength, which was observed
for the pre-treated sands.

In contrast to the initial swelling state, sands heat pre-treated at temperatures of up to
225◦C revealed a significantly increased rate of water release (Fig. 5.9). This increased
water release rate may be caused by a decrease of the layer charge (Juhász 1989). Such
a reduction in layer charge has been suggested to be caused by an irreversible migration
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of small interlayer cations (such as Li, Cu, Zn) into the tetrahedral layers (McBride &
Mortland 1974) or the octahedral sites (Madejová et al. 1996). Although larger cations
(Na, Ca) are less likely migrating into these sites (Calvet & Prost 1971), a minor amount
of migration maybe sufficient for the changes of water release rates as observed here.
The increased rate of water release of sands heat pre-treated at temperatures of 435◦C
(Fig. 5.9) is likely a consequence of dehydroxylation, which has been reported to take
place ar temperatures of approx. 300-750◦C (Földvári 2013).

The comparison of heat pre-treated Ca-bentonite and Na-bentonite bonded sands at
435◦C revealed a slightly faster dehydration for the Ca-bentonite bonded sands above
105◦C (Fig. 5.10b). This slightly faster release rate may reflect a slightly different
diffusivity of water molecules within the smectite interlayers above 105 ◦C (c.f. Zabat
& Van Damme 2000).

Water kinematics

The fact that the water kinematics of Ca-bentonite bonded sands did not change with
increasing pre-treatment temperatures is remarkable. The neutron diffraction data
showed that the water release of the smectites changed with higher pre-treatment
temperatures. However, the increased release rate was not reflected by a change of
the propagation constants. The boundary movement neither between the dry zone and
evaporation zone nor between the evaporation zone and condensation zone changed.
In addition, no major changes in the propagation constant of the boundary between
condensation zone and external zone could be observed. Thus, the steam absorption
and adsorption rates seemed to remain unchanged. A reason for this might be the higher
specific surface area of the altered Ca-smectites as observed in the SEM analyses (Fig.
5.8. This larger specific surface area may provide more adsorption sites compared to
Na-smectites. This higher site-density may allow the steam to condensate on the pre-
treated Ca-smectite surfaces more rapidly than on the respective Na-smectites surfaces.
It has to be noted, however, that the heat pre-treatment exerted no influence on the
amount of maximum water at the boundary between evaporation and condensation zone.
This is not remarkable, as the smectite alteration caused by the heat pre-treatment has
no strong influence on the specific heat of the entire moulding sand.

Differences in tensile strength

Even if the general behaviour of the tensile strength on increasing pre-treatment temper-
atures was similar for both Na- and Ca-bentonite bonded sands, the strong decrease of
tensile strength at 540◦C in Ca-bentonite bonded sand stands out. This decrease corre-
sponds well with the observed increase in initial neutron transmission of Ca-bentonite
bonded sand at 540◦C (Fig. 5.7), caused by a loss of hydrogen of the smectites which
cannot be observed in Na-bentonite bonded sands. The observed loss of hydrogen is
concomitant to a decreased layer charge of the smectites, which leads to a decrease of
the water sorption energy (Juhász 1989) and, consequently, to a decrease of the wet
tensile strength. Because dehydroxylation of Ca-smectites, differently to Na-smectites,
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is a pronounced two-step reaction (Földvári 2013), wet tensile strength of Ca-bentonite
bonded sand decreased in a stepwise manner (Fig. 5.11), too.

5.4.4 Higher tensile strength of Na-bentonite bonded sands

In general, the wet tensile strength of Ca-bentonite bonded sand is lower than of
Na-bentonite bonded sand (Fig. 5.11), (Patterson & Boenisch 1961a). Patterson &
Boenisch (1961a) and Odom (1984) mentioned that the reason for this different tensile
strength lies in the different arrangement of water. In Na-rich montmorillonites, water is
arranged in a more ordered and rigid way than in in Ca-rich montmorillonites. However,
the higher order of water molecules in Na-montmorillonites could not be confirmed
by (Sposito & Prost 1982). Furthermore, the observation of Pons et al. (1980) that the
structure of water within Na-montmorillonite and Ca-montmorillonite is predominantly
liquid-like contradicts the postulations of Odom (1984) and Patterson & Boenisch
(1961a).

At the temperature of the rupture plane (100◦C) in tensile strength testing, both Ca-
and Na-bentonite bonded sands did show similar smectite d-001 values and, therefore,
similar water release behaviour of the smectites. The observed differences in wet tensile
strength (Fig. 5.11), thus, cannot be related to different dehydration behaviour of these
different smectites. The maximum water content at the boundary between evaporation
and condensation zone remained unchanged with both pre-treatment temperature (Fig.
5.13) and bentonite composition (Fig. 5.3). Therefore, changes in the capillary strength
due to major changes in the saturation can also be excluded as causes for the different
tensile strengths.

Anyhow, the diffusion of water molecules in and out of the smectite interlayers
(≈9·10-9 m2s-1 Bourg & Sposito (eg 2010), Holmboe & Bourg (eg 2013)) is orders of
magnitudes smaller than the propagation of the boundary of the evaporation zone and
condensation zone (≈8·10-7 m2s-1; Fig. 5.5). Therefore, absorption capacity of the
smectite plays an inferior role in buffering the rising supersaturation at the boundary
between evaporation and condensation zone.

Besides hydration of interlayer cations, water can adsorb on the external surfaces
of the smectites and can condense in moulding sand micropores. Prost (1975) showed
that the fraction of smectite surface covered by water molecules at a given water
content depends strongly on the nature of the interlayer cation. The larger the solvation
energy of the cation, the larger is the hydration of the surfaces. The wettability of
Na-montmorillonites, therefore, is smaller than for Ca-montmorillonites. This lower
wettability causes an increased in the strength of the clay bridges and, consequently,
leads to a higher green and wet tensile strength of Na-bentonite bonded sands.

At water content within the smectite interlayers corresponding to less than three
layers, the arrangement of the water molecules surrounding the exchangeable cations
depends mainly on the type of cations. Studies on water structure Hertz & Franks
(1973) and Enderby & Neilson (1981) show that the mean residence time of a water
molecule in the first solvation layer around a monovalent cation like Na+ is about 10-11
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5 Comparison of moulding sands bonded with sodium and calcium bentonites

s. Around bivalent cations like Ca2+, the residence time is about 10-8 s. In bulk water
the residence time in the first layer is about 10-12 s. Therefore, a further reason for the
better performance of Na-bentonite bonded sands might be that higher release rate of
water from the interlayer space of Na-montmorillonites at 100◦C can contribute to a
slight delay of the evaporation the capillary bridges.
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6 Conclusions

6.1 Effect of moisture on the sand properties

Neutron radiography imaging was successfully applied to follow wet tensile strength
testing in-situ during heat application. Radiography enabled for both quantification
of the water kinematics and determination of the location of lowest strength in the
moisture profile. The preferred fracture position was pinpointed at the boundary between
evaporation and condensation zone. This location of minimum tensile strength could be
explained by the negative correlation of the surface tension of water and temperature
(Kayser 1976), which reaches minimum value at 100◦C. Additionally, the onset of
the boiling of the water within the water bridges lowers the capillary force further
and leads to the observed minimum of tensile strength (Fig. 6.1). The results refute
common postulations (Odom 1984, Campbell 2011, Patterson & Boenisch 1961a) that
the fracture is located within the condensation zone and is exclusively caused by the
supersaturation of the sand.

6.2 Effect of heat pre-treatment and cyclic reuse
on the properties of Na-bentonite bonded
sand

Although there were small differences in the d001 values of smectites between the
reference sand and sands subjected to 22 drying and remoistening cycles, significant
changes in water kinematics and tensile strength could not be detected. Thus, the
observed effects caused by the cyclic reuse were not yet strong enough to affect the
attractive forces in a magnitude leading to a substantial reduction of the quality of the
moulding sand. This finding agrees with empiric practice in foundry industry, where
moulding sand is replaced after approx. 20 cycles. The fact that slight alterations were
detected, however, may indicate that a higher number of cycles eventually will lead to a
decrease of sand quality. In this context, it needs to be noted that in our experiments the
maximum temperature during cyclic reuse was 120◦C. A high-temperature impact, as it
typically occurs during casting, was not part of these cycles.

The influences of heat pre-treatment on the water transport and binding properties of
moulding sands were investigated for the first time. Alterations were detected already at
T = 225◦C, i.e. at a temperature, which supposedly is well below the dehydroxylation
threshold of smectites. The alterations mainly comprised of an increased water transport
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6 Conclusions

Fig. 6.1: Illustration of the differ-
ent transport zones. The Quartz
grains in the dry zone were con-
nected by a solid precipitate which
had been formed after the water was
evaporated. In the evaporation zone,
the quartz grains were hold together
by clay mineral bridges. In the
condensation zone and the external
zone, capillary bridges were mainly
responsible for the cohesion of the
quartz grains. With increasing satu-
ration, the bridges merged and the
capillary forces decreased

rate in the moulding sand column. We suggest that this modified water kinematics
is a consequence of minor changes of the compositional and structural integrity of
the smectites and is causally related to the observed degradation of the mechanical
properties of the moulding sands. Upon an early dehydroxylation of the the smectites or
a progressive release of tightly bound water at T > 330◦C, further irreversible decrease
of the binding quality of moulding sands occurred. With completing dehydroxylation of
the smectites above 670◦C, the total loss of wet tensile strength of the pre-heated sands
took place.

6.3 Ca-bentonite bonded sands
Different behaviour of Ca- and Na-bentonite bonded moulding sands was detected after
heat pre-treatment. The detected differences in tensile strength correspond well with
the different dehydroxylation behaviour of the smectites. In contrast, the maximum
water content and the smectite swelling capacity seem not to be among the major
causes responsible for the change in tensile strength. Ca- and Na-bentonite bonded
moulding sands did not show significant differences in the maximum water content
at high pre-treatment temperatures. Differences in swelling capacity at pre-treatment
temperatures below 545◦C likely are too low for a significant impact on the tensile
strength. Close to the heat source, moreover, the propagation rate of the water in the
condensation zone is likely too fast for the smectites to absorb significant amounts of
the incoming water and steam.

70



Acknowledgements

The work is based upon experiments performed at ANTARES and MIRA operated by
Heinz Maier-Leibnitz Zentrum (MLZ, Garching Germany) as well as at ICON (Paul-
Scherrer-Institute, Villigen, Switzerland). Funding from DFG (JO301/5-1) is gratefully
acknowledged. Furthermore, the I would like to kindly thank Erika Grießhaber (LMU
München) for SEM analyses. Gratefully acknowledged are the mineralogical and
chemical analyses of the bentonite performed by Helge Stanjek (RWTH Aachen).
I thank Sandra Böhmke providing the moulding sand on behalf of S&B minerals.
Furthermore, I appreciate the DSC and TG measurements performed by Kai-Uwe Hess,
and thank him and W.W. Schmahl for there great suggestions helping to improve the
manuscript and this work. My warm thanks go to Sophie Wunderlich and especially to
Guntram Jordan, working together with you was a pleasure.

71





Appendix

73





Pretreatment Water amount (wt.%) Tensile strength (kN/m2) Porosity Saturation
Cycles Temperature Initial Maximal Green Wet Initial Maximal

1 120 2 4.6 5.0 1.5 0.46 0.06 0.14
1 120 3 5.4 12.3 5.4 0.47 0.08 0.15
1 120 4 6.8 10.4 6.7 0.48 0.11 0.18
1 120 5 8.5 8.9 6.8 0.49 0.13 0.22
1 120 3 5.5 / 5.1 0.47 0.09 0.17
1 225 3 4.8 / 3.8 0.47 0.09 0.14
1 330 3 5.5 / 3.6 0.48 0.09 0.15
1 435 3 6.1 / 3.2 0.47 0.09 0.18
1 540 3 5.7 / 3.1 0.45 0.09 0.17
1 645 3 4.7 / 0.0 0.48 0.09 0.14
1 750 3 5.2 / 0.0 0.52 0.08 0.13
1 120 3 4.7 / 5.1 0.46 0.06 0.14

13 120 3 5.0 / 6.3 0.45 0.8 0.16
22 120 3 4.9 / 6.0 0.44 0.7 0.17
24 120 3 / / / 0.46 0.9 0.15

Table 1: Tensile strength and saturation of moulding sands bonded with natural sodium
bentonite from Wyoming

Pretreatment Water amount (wt.%) Tensile strength (kN/m2) Porosity Saturation
Cycles Temperature Initial Maximal Green Wet Initial Maximal

1 120 2 4.4 / / 0.43 0.05 0.11
1 120 3 4.9 / / 0.45 0.09 0.15
1 120 5 7.3 / / 0.44 0.13 0.19
1 120 8 11.1 / / 0.45 0.16 0.22
1 120 3 5.5 / / 0.46 0.08 0.15
1 225 3 5.3 / / 0.43 0.07 0.12
1 330 3 4.8 / 2.4 0.42 0.08 0.13
1 435 3 6.1 / 2.9 0.41 0.07 0.14
1 540 3 5.7 / 1.1 0.42 0.08 0.15
1 645 3 4.7 / 0 0.42 0.07 0.11
1 750 3 5.2 / 0 0.47 / /

13 120 3 5.3 / 6.3 0.42 0.07 0.12
22 120 3 5.1 / 6.0 0.42 0.08 0.14
24 120 3 5.7 / / / 0.07 0.13

Table 2: Tensile strength and saturation of moulding sands bonded with natural calcium
bentonite from Bavaria
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Appendix

Pretreatment Water amount (wt.%) Propagation constants (mm/
√
s)

Cycles Temperature (◦C) Initial Maximal Dry/Evaporation Evaporation/Condensation Condensation External
1 120 2 4.5 0.10 0.79 2.77
1 120 3 5.3 0.11 0.84 3.32
1 120 4 6.9 0.03 0.92 4.15
1 120 5 8.4 0.01 0.85 4.50
1 120 3 5.5 0.15 0.85 2.80
1 225 3 5.3 0.16 0.80 2.73
1 330 3 4.8 0.15 0.83 2.78
1 390 3 5.9 0.26 1.05 3.90
1 435 3 6.1 0.27 1.06 3.77
1 540 3 5.7 0.26 0.9 4.17
1 645 3 4.7 0.23 0.9 5.40
1 750 3 5.2 0.36 1.3 6.40

13 120 3 / 0.17 0.59 2.58
22 120 3 / 0.13 0.67 2.89
24 120 3 / 0.15 0.85 2.18

Table 3: Propagation constants of moulding sands bonded with natural sodium bentonite from
Wyoming

Pretreatment Water amount (wt.%) Propagation constants (mm/
√
s)

Cycles Temperature (◦C) Initial Maximal Dry/Evaporation Evaporation/Condensation Condensation External
1 120 2 4.4 0.28 0.78 1.95
1 120 3 4.9 0.11 0.53 2,8
1 120 4 7.9 0.17 0.51 2.89
1 120 5 7.3 0.19 0.53 2.83
1 120 6 8.1 0.15 0.56 4.40
1 120 8 11 0.06 0.82 3.43
1 120 3 5.5 0.15 0.76 3.10
1 225 3 5.3 0.09 0.61 3.31
1 330 3 4.8 0.09 0.70 3.25
1 435 3 6.1 0.10 0.63 4.13
1 540 3 5.7 0.11 0.80 3.53
1 645 3 4.7 0.17 1.156 4.17
1 750 3 5.2 0.16 1.13 3.78

13 120 3 5.3 0.09 0.61 2.84
22 120 3 5.1 0.08 0.62 2.89
24 120 3 5.7 0.08 0.63 2.18

Table 4: Propagation constants of quartz sands bonded with natural calcium bentonite from
Bavaria
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