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Abstract—Bentonite-bonded molding sand is one of the most common mold materials used in metal
casting. The high casting temperatures cause dehydration and alteration of the molding sand, thereby
degrading its reusability. Neutron radiography and neutron diffraction were applied to study these
processes by using pure bentonite-quartz-water mixtures in simulation casting experiments. The aim of the
experiments was to compare the dehydration behavior of raw and recycled mold material in order to assess
possible causes of the limited reusability of molding sands in industrial application. Neutron radiography
provided quantitative data for the local water concentrations within the mold material as a function of time
and temperature. Dehydration zones, condensation zones, and areas of pristine hydrated molding sand
could be established clearly. The kinematics of the zones was quantified. Within four cycles of de- and
rehydration, no significant differences in water kinematics were detected. The data, therefore, suggest that
the industrial handling (molding-sand additives and the presence of metal melt) may have greater effects on
molding-sand reusability than the intrinsic properties of the pure bentonite—quartz—water system.

Key Words—Bentonite, Dehydration Process, Metal Casting, Molding Sand, Neutron Powder
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INTRODUCTION

Large quantities of casted metal parts are produced
with bentonite-bonded molding sands. Smectite, as the
main component of bentonite, provides the required
binding properties. Binding is partially related to the
negative layer charge of the smectites. In the interlayer
space, cations compensate for the layer charge. These
interlayer cations can hydrate reversibly, resulting in a
swelling of the interlayer space. X-ray powder diffrac-
tometry (XRD) revealed the dependence of the dyg,;
value on the interlayer hydration states (e.g. Bradley et
al., 1937; Ferrage et al., 2005a, 2005b; Moore and
Reynolds, 1997; Norrish, 1954). The uptake and release
of water is influenced by various factors such as size,
valence, hydration energy of the interlayer cation, and
the charge, as well as the charge distribution of the
layers (Collins et al., 1992; Ferrage et al., 2005b, 2007¢;
Jasmund and Lagaly, 1993; Koster van Groos and
Guggenheim, 1984). Furthermore, hydration takes
place discontinuously and different hydration states can
coexist within an interlayer (Aldushin et a/., 2007; Ben
Brahim et al., 1984; Bérend et al., 1995; Cases et al.,
1997; Collins et al., 1992; Sanchez-Pastor et al., 2010;
Wilson et al., 2004). Analogously, dehydration occurs
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discontinuously. Investigations by XRD (Ferrage et al.,
2007a, 2007b) showed that Ca-montmorillonite evolves
during drying from one hydration state to another via
mixed-layer structures. Thermogravimetric analysis
(Bray and Redfern, 1999; El-Barawy et al., 1986;
Guggenheim and Koster van Groos, 2001; Koster van
Groos and Guggenheim, 1984; Zabat and Van Damme,
2000) showed that dehydration takes place in the range
50—350°C depending on the experimental conditions.
Bray and Redfern (1999) reported a two-step dehydra-
tion where adsorbed water was released before interlayer
water. Guggenheim and Koster van Groos (1992, 2001)
demonstrated that water fugacity influences the dehy-
dration of smectites to a great extent. According to these
authors, water adsorbed at surfaces plays a major role in
dehydration below 100°C. Compaction of the sample, in
contrast, gained importance above 100°C.

Although smectites have been investigated inten-
sively, the dehydration and rehydration kinetics on an
industrial scale of both pure smectite and of mold
materials are not understood sufficiently. While iso-
thermal uptake and release of interlayer water is
generally considered to be a reversible process, the
occurrence of sorption-desorption-hysteresis clearly
indicates complex kinetics (e.g. Cases et al., 1992;
Komadel ef al., 2002). Furthermore, any alterations of
the chemical state of the layers (e.g. Wu et al., 1989) or
elevated temperatures (e.g. Ferrage et al., 2007a) can
cause irreversible modifications of de- and rehydration
behavior.
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Industrially processed mold material loses its cap-
ability to reabsorb water (Grethorst et al., 2005; Tilch,
2004). This limits considerably the reusability of the
material. As a consequence, only 93—98 wt.% of the
mold material is recycled after casting. Environmental
aspects as well as the demands of increasing production
efficiency, however, require an increased reusability rate
for molding sand. A detailed understanding of the uptake
and release of water in mold material is, therefore,
essential.

The aim of the present study was to better understand
the limitations of the reusability of molding sands in
industrial applications. In order to accomplish this goal,
multi-cycle experiments were performed which simu-
lated the recurring thermal impact of industrial-scale
casting on a pure quartz-bentonite-water system. The
application of the pure system enabled discrimination
between potential effects originating from intrinsic
mineral properties (e.g. reversible vs. irreversible
dehydration of smectites) and actual industrial handling
(e.g. alterations of the mold material by the metal melt
or additives such as reducing agents). Information on the
spatial and temporal distribution of water within the
mold material during thermal impacts was obtained by
applying neutron radiography (cf- Fijal-Kirejczyk et al.,
2011; Luo, 2007) and neutron powder diffractometry.

SAMPLES AND METHODS

Samples

Additive-free molding sand with a compactibility of
45—-50% was obtained from S&B Industrial Minerals
GmbH (Marl, Germany). The composition of the molding
sand was 84 wt.% quartz sand (average grain size
0.24 mm; Frechen, Germany), 12 wt.% sodium bentonite
(Wyoming, USA), and 3—4 wt.% water. The composition
of the bentonite was calculated from XRD data using the
software package BGMN (Ufer et al., 2008): 87 wt.%
montmorillonite, 4 wt.% quartz, 4 wt.% albite, 2 wt.%
muscovite, 2 wt.% calcite, 1 wt.% brookite.

Casting simulation experiment

A container (approx. size 140 mm x 67 mm x 60 mm)
was filled with molding sand and equipped with
thermocouples located at heights of ~0, 10, 20, 30, 40,
and 50 mm (Figure 1a). The container was mounted in an
experimental stand at the neutron imaging facility
ANTARES (FRM 1II, Germany; Schillinger et al.,
2006) and dropped onto a preheated hotplate (~650°C;
Figure 1b) while taking neutron radiographs
(2048 x 2048 pixel CCD camera, 2 x 2 binning mode,
spatial sample resolution ~0.15 mm). The temperature of
the hotplate was chosen in order to avoid massive
dehydroxylation of smectites progressing far into the
bulk molding sand. In order to facilitate constant thermal
conditions in the beam direction, low heat flow from the
copper-baseplate to the front and rear aluminum walls of
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the container was desirable. The front and rear walls,
therefore, were mounted at a distance of 3 mm from the
baseplate of the container. Thus, the container had a
3 mm wide slit at the bottom edges between the
baseplate and the front and rear walls. The radiograph
acquisition frequency was ~0.21 Hz which determined
the temporal resolution of the experiments. The neutron
radiography observations lasted for ~24 min. A detailed
description of the experimental set-up can be found in
Schillinger et al. (2011).

The water lost by the dehydration experiments was
determined gravimetrically. De-ionized water was then
added to the dehydrated sand. Due to the limited accuracy
of the gravimetric determination (~0.1% of the total mass
of sand and container), the mass of added water varied in
multi-cyclic experiments by up to ~10%. The re-
moistened molding sand was homogenized with a blender
for ~5 min. The sand was then left undisturbed in a plastic
bag for 3 days (the possibility of water loss during this
period cannot be excluded completely). In all experi-
ments, loading of the container and compaction of the
sand were conducted in a standardized way to ensure
maximum homogeneity and the best possible
reproducibility.

Neutron radiography contrast

Attenuation of the neutron beam by transmission
through the mold container from its initial intensity, /o,
to intensity / can be described by:

I/IozeXp[ZSixi] )

where §; is the attenuation coefficient of the phase i, and
x; is the partial path length of the neutron beam passing
through phase i with x; = a; x (where a; is the partial
length coefficient and x is the beam-path length of the
entire mold container).

Because neutron attenuation depends on the amount
of hydrogen in the beam path, the hydration state of the
molding sand can be correlated directly to the neutron
intensity detected by the CCD camera. The sum in
equation 1, therefore, can be split into one term for the
mold container filled with dehydrated molding sand (s)
and a second term accounting for water (w). The
logarithm of equation 1 then yields:

In(I/ly) = —8xs — dyx 2)

Converting the radiography detector signal into
linearly normalized grayscales (GS,) between unity for
the open beam without any sample (I = Iy; GS, open beam
=1 = I/ly) and zero for the beam shut off (/ = I/l = 0;
GS, dark image = 0), equation 2 yields:

Byxyy 3)

For the normalized grayscales in a dehydrated
reference radiograph (GS,, genyar), the last term vanishes:

In(GS,) = —dx; —
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Figure 1. Neutron radiographs of a casting simulation experiment. Image grayscales are a measure of the neutron scattering
intensity. Changes in the intensity essentially correlate with changes in the local concentration of water. (a) Radiograph shows the
molding-sand container (equipped with thermocouples) ~45 mm above the hotplate. (b) The container has been in contact with the
hotplate for 189 s. The molding sand in the lowest region of the container is dehydrated. (c) A further 189 s later the vertical extent of
the dehydrated zone has grown significantly. (d) Same radiograph as in part ¢ with adjusted brightness and contrast settings. The
modified settings allow the identification of a condensation zone located in the lower range of the hydrated zone.

ln(GSn dehydr) = _Ss'xs (4)

Combining equations 3 and 4 yields:

ln(GSn (l(thvdr) - ln(GSn)
Xy = 6

()

Taking into account a neutron attenuation coefficient
for water 8,, = 5.415 cm ™! (www.ncnr.nist.gov with A =
4 A) and the bulk density of the molding material
(obtained from the weight and fill level of the container),
equation 5 permits determination of the wt.% of water of
the molding material displayed in the radiographs within
the above-mentioned limits of spatial and temporal
resolution.

Note, however, that the incident neutron beam is not
mono-energetic but has a spectrum mostly ranging from
1.8 to 6 A, centered around 3.5—4 A. In addition, the
tabulated attenuation coefficient treats scattering like
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absorption (i.e. scattered neutrons do not reach the
detector) and does not account for forward-scattered
neutrons that hit the large detector area under small
angles, leading to a diffuse background. The additional
absolute error may well be up to ~15%, but cannot be
quantified without extensive numerical simulations.
However, comparing the conditions of this study (x,,
< 3 mm for the fully hydrated molding sand; sample—
detector distance >5 cm) with the scattering profiles
obtained by Hassanein (2006), no significant contribu-
tion of scattered neutrons in the radiographs was
expected. Furthermore, at a neutron transmission below
~15%, multiple scattering may affect the accuracy of the
quantification of absolute water contents to some extent.
The accuracy of equation 5, therefore, decreases with
increasing mold-container thickness and increasing
water content. The molding sand used in the experiments
yielded transmissions ranging from ~8% (fully hydrated)
to ~30% (dehydrated). The experiments below, however,
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compare relative measurements under very similar
conditions.

Neutron powder diffraction

In order to identify different hydration states of
smectite by an evaluation of the position and intensity of
the 001 peak, neutron powder diffraction was conducted
using the thermal high-resolution neutron powder
diffractometer SPODI (FRM II, Germany; Hoelzel et
al., 2012). The molding sand (mass ~5 g) was analyzed
in its original state, after dehydration in the casting
simulation experiment, and after rehydration. All neu-
tron diffraction measurements were performed at room
temperature and wavelengths A = 2.396 A or 2,536 A
using a germanium (331) monochromator at take-off
angles of 135° or 155°, respectively. A possible A/3
contribution was avoided by a graphite filter. The
positions of the 001 peaks in the diffraction patterns
have been verified by applying the Rietveld refinement
program BGMN which uses a fundamental parameter
approach to model the peak profiles (Ufer et al., 2004).
For the instrumental resolution function of SPODI, a
width formula for a single squared Lorentzian was used.

RESULTS

Casting simulations

Neutron radiography recorded the temporal and
spatial intensity variations of the neutron beam passing
through the mold-sand container during the experimental
casting simulation. Because hydrogen fluxes are con-
trolling these intensity variations almost exclusively,
dehydration processes and water fluxes could be
accessed directly and quantitatively.

Neutron radiographs were taken from the mold-sand
container in contact with a hotplate underneath
(Figure 1b). A 3 mm zone of significant dehydration
(recognizable by lighter grayscales) initiated at the
bottom of the container (asterisk in Figure 1b). This
zone was caused by rapid venting of water vapor
through the 3 mm slits between the front and rear
walls and the baseplate of the container (see above).
With increasing residence time of the container on the
hotplate (Figure Ic), dehydration of the molding sand
continued upwards. Dehydrated molding sand in the
lower region and hydrated sand on top were easily
distinguished visually. Modified brightness and contrast
settings of the detector data (c¢f. Figure lc,d) also
revealed an increased amount of water in the lower
range of the hydrated sand region.

The normalized detector data (GS,) were taken along
vertical profiles of the mold container (profile data point
= mean value from a horizontal 1 x 330 pixel strip). The
profile data were converted into water-concentration
profiles by applying equation 5 and using the density of
the mold material in the container. The mean grayscale
of the most dehydrated parts of the sand in the last three
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images of the radiograph sequence was used as a
reference value for GS,, genyar. Thermocouples placed
in this area indicated a temperature range of 200—250°C.
The radiographs did not give any indication of a
dehydroxylation reaction in these areas. Water concen-
tration profiles (Figure 2a) were obtained from radio-
graphs of dehydrating raw molding sand (first
dehydration) and of molding sand that has been de-
and rehydrated four times before (Figure 2b).

The hydration states at the locations of two different
thermocouples (2 and 3 cm above the container base-
plate) were plotted vs. the corresponding temperature
readings of the thermocouples for the two different
molding sands (Figure 3). Assuming that water was the
only mobile component in the system, the plots can be
perceived as local thermo-gravimetric measurements
within larger sample systems. Note that these local
measurements also revealed reallocations of water
within a sample, whereas standard thermo-gravimetric
analyses integrated over the entire sample volume and
measured only the net escape of water from a system.
Furthermore, due to the non-linearity of the local heating
rate, the temperature scales of such plots (Figure 3) did
not correspond to a linear time scale. The water contents
vs. temperature plots (Figure 3) revealed the general
behavior of an initial increase in water concentration,
followed by a decrease above ~100°C. Time-synchroni-
zation errors of radiography and temperature data
logging limited the precision of the determination of
the transition point between hydration and dehydration.

Neutron diffractometry

Neutron powder diffractometry of raw molding sand
revealed smectite dyg; values of ~19 A (Figure 4). After
dehydration in the experimental casting simulation
stand, the molding sand was measured again. A smectite
doo; value of 9.7 A was observed. Subsequently, the
molding sand was rehydrated by adding the gravime-
trically determined amount of lost water and a resting
period of 3 days. The sand revealed smectite dyo; values
of ~19 A again.

A second set of diffractometry experiments focused
on rehydration kinetics. After dehydration of the
molding sand, the lost water was determined gravime-
trically and re-added. The sand was then homogenized
and left undisturbed for ~30 min. Subsequently, diffrac-
tion patterns were taken every 90 min over a period of
8.5 h. The water uptake of smectite interlayers was
monitored by the position of the 001 reflection of
smectite. The dyo; value expanded to ~19 A within 2.5 h
and remained constant thereafter (Figure 5).

DISCUSSION

Different hydration states of smectite interlayers
result in different dyy; values (e.g. Couture, 1985;
Ferrage et al., 2005a, 2005b; Jasmund and Lagaly,
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Figure 2. Evolution of the water concentration profiles in a raw molding sand (a) and a recycled molding sand (b) during the casting
simulation experiment. The water concentrations were converted from the grayscales taken over the entire vertical extent of the
molding-sand container obtained at given times in the respective radiograph.

1993; Wilson et al., 2004). Non-hydrated Na- and Ca-
smectites have dyo; values of 9.6—10.1 A. Mono- and bi-
hydrated smectites show 12.3—12.7 Aand 15.1-15.8 A,
respectively. The uptake of three water layers leads to
doo; values of 19—-20 A. Identification of the hydration
states of smectite in molding sand was made possible by
neutron powder diffraction in spite of the small amount,
12 wt.%. Smectites in raw molding sand showed dyg;
values of ~19 A (Figures 4 and 5) which correspond to
smectite interlayers with three water layers (Wilson et
al., 2004). This indicates that the smectite interlayers in
the raw molding sand used for casting simulation were
fully hydrated.

After the heat treatment, the molding sand was
extracted from the casting simulation apparatus and
analyzed by neutron diffractometry. The dyo; values
decreased to ~9.7 A, which indicates complete dehydra-
tion. This result was confirmed by Ferrage et al. (2007a)
who observed a transition from mono- to dehydrated Ca-
montmorillonite at temperatures >90°C. The authors
further report that the relative abundance of dehydrated
interlayers was ~70% after 950 s at 125°C. Complete
dehydration was predicted to occur at ~170°C.

After the dehydration experiments, the amount of
water lost was determined gravimetrically and was re-
added to the dehydrated molding sand. Neutron dif-
fractometry (Figures 4 and 5) showed that the smectite
dooy values increased to ~19 A (corresponding to three
water layers) within 2.5 h. Therefore, the smectites of
recycled molding sand used in subsequent dehydration
experiments (Figure 2b) had had the same hydration
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state as pristine molding sand. Note, however, that due
to small differences in the shape of the dyo; peak,
hydration heterogeneities within the smectites cannot be
discounted completely.

The formation of three water layers within 2.5 h
contradicts the statement of Dieng (2005) who reported
rehydration of pores within ~1 h and of interlayers
within a day or more. Although the compositions of the
samples used by Dieng (2005) were not fully defined,
the smectite contents (25—97%) were substantially
greater than the 12 wt.% used here. A possible
dependence of the hydration state of the smectites on
the porosity (and, therefore, of the water transport
capacity of the samples) cannot be excluded.

Comparing the neutron radiographs of raw and
recycled molding sand (c¢f. Figure 2), the general process
of dehydration was identical. Within the limits of
temporal resolution of radiography, the release of water
started instantaneously upon contact of container and
hotplate. Initially, water vapor migrated in two directions:
it rose and re-condensed in the still colder zone above and
it vented through the slits between baseplate and container
walls. The larger the dehydrated zone grew, the less water
vented through the base slits. After ~300 s, the amount of
water venting through the slits was negligible and upward
transport to the condensation zone took place exclusively.
After ~700 s, water concentration profiles were consider-
ably influenced by the fill level of molding sand in the
container.

The maximum local water concentration correlated
with a temperature of ~100°C (Figure 3). With increas-
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Figure 3. Plots of water concentrations obtained from the
radiographs during an entire casting simulation experiment at
the position of a thermocouple vs. the related temperature
reading. For better comparison, the plots of raw (Raw) and

recycled (Rec) molding sands were grouped for the thermo-
couples located 20 mm (a) and 30 mm (b) above the base plate.

ing temperature, the water concentration reduced
rapidly. Subsequently, the dehydration rate decreased
continuously until dehydration ceased in the temperature
range 170—220°C. Above 100°C, neither the vertical
profiles (Figure 2) nor the plots of local water
concentrations vs. temperature (Figure 3) revealed any
sign of an onset of a new process associated with a
noticeable release of hydrogen. Within the period of
radiographic observation, no indication of a dehydrox-
ylation of the octahedral sheets of smectite was, there-
fore, observed. However, the possibility that thermal
treatment caused a chemical alteration of some smectites
which may have led to a modified re-hydration behavior
of these minerals cannot be ruled out. Irreversible
dehydration taking place at temperatures above 90°C
was reported by Ferrage ef al. (2007a).

Irrespective of any possible alteration of the smec-
tites, all water lost from the molding sand by the casting
simulation was re-added within the accuracy of the
gravimetric measurement. A potential deficit of water
within the interlayers would result in a surplus of pore
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Figure 4. 001 reflection of smectites in neutron powder
diffraction patterns (A = 2.396 A) of molding sands. The raw
and rehydrated molding sands have similar dy; values of ~19 A.
The diffractogram of dehydrated molding sand shows a peak
with very weak intensity at ~14.2°20 yiclding a d value of

~9.7 A. The intensities were normalized to the incident neutron
counts.

15

water. Therefore, the observed differences in the initial
water concentrations of the raw and recycled molding
sand (Figure 3) cannot be associated with a reduced
capacity of smectites to reabsorb water but rather with
the limited accuracy of the water-loss measurement.
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Figure 5. Neutron powder diffraction data of rehydrating
molding sand. The dyo; values of smectite were plotted vs. the
rehydration time. The d values were verified using the Rietveld
program code BGMN.
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An important point of the casting simulation experi-
ment is that, prior to any dehydration, molding sand first
and foremost is subject to a hydration process within the
condensation zone at temperatures up to 100°C. Whether
these hot-hydrous conditions lead to a rapid hydration of
a few still dehydrated interlayers (which may be present
in some smectites) or whether the hot-hydrous condi-
tions (rather than the subsequent hot-dry conditions) are
more likely to alter the chemical state of smectites and to
reduce their de- and rehydration capacity is unknown. In
bentonite samples at least, steam has been identified to
efficiently reduce the swelling capacity (Couture, 1985).

Irrespective of the effects of the condensation zone,
neutron diffractometry showed that the smectite inter-
layers in all casting simulation experiments were
hydrated and that the concentration of chemically
modified smectites, if present at all, was below the
detection limit. The only obvious difference between the
raw and recycled molding sand directly prior to the onset
of dehydration at ~100°C, therefore, is pore-water
concentration. For temperatures above 100°C,
Guggenheim and Koster van Groos (2001) suggested
that dehydration kinetics of surface-adsorbed water may
be controlled by sand compaction rather than binding
affinity. This may also hold for pore water. A correlation
between molding-sand compaction and dehydration
kinetics can be expected and may explain the observed
similar dehydration behavior of raw and recycled
molding sand.

CONCLUSIONS

The kinetics of dehydration of the pure quartz-
bentonite-water system in the casting simulation experi-
ments performed here was probably controlled by the
compaction of the material. Due to similar compaction
of the molding sand used here, the dehydration kinetics
of both raw and recycled molding sand revealed no
significant difference. Further experiments should,
therefore, focus on small-scale variations of water
contents and its distribution kinetics within a porous
system, where diffusional transport might be much more
important relative to mechanical mixing.

If the casting simulation experiments caused irrever-
sible alterations of smectites, the effects of these
alterations on the dehydration kinetics were insignificant
within the number of cycles performed. The occurrence
of fast and significant reduction of molding-sand binding
properties by industrial handling, therefore, seems more
likely to be a consequence of the industrial handling
(e.g. alterations by the metal melt or additives) rather
than originating from naturally intrinsic mineral proper-
ties (e.g. irreversibility of smectite dehydration). The
application of neutron radiography, e.g. to additive-
containing moldings sands, could help to identify the
main cause of the loss of quality of the molding sand.
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