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Abstract

Organically-bound foundry cores are substituted by inor-
ganically-bound cores increasingly. This trend is due to
regulatory efforts, workplace safety issues, and increasing
costs for waste deposits. Changing the binder system
reduces the emissions to mostly water vapor, solving health
and safety issues. Yet, the difference in the behavior of the
gas phase, namely, the condensation potential of water,
changes the casting process drastically. In contrast with
the continuous generation and discharge of combustion
products in the case of organic binders, water accumulates
within the foundry core. Only once the cold spots of the
core reach boiling temperature noteworthy amounts of
vapor are created, increasing the chance for gas defects of
the cast parts. Countermeasures have to be taken when
designing the core’s geometry. We conducted the following

research to improve the understanding of core gas release
and its interactions with the foundry core’s binder content
and storage conditions. Both binder content and relative
humidity during storage were varied in three steps. Their
influence on the core gas amount, time of gas generation,
and gas permeability of the cores were investigated. The
experiments were performed in the institute’s Induction
Analysis Furnace and an aluminum melt bath. We found a
strong dependency of storage humidity, further increased
by increasing binder content on the gas amount and time of
the gas release.
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Introduction

Expendable molds and foundry cores are mostly made
from bonded sand. Organic substances are well known as
bonding agents."> Commonly used organic binders are
furans, alkaline phenolics, and phenol—urethanes.3 In
addition to contributing to CO, emissions, this type of
binder releases toxic fumes due to heat degradation.* The
effects are air-polluting, toxic, carcinogenic, and muta-
genic. An in-depth analysis of the decomposition products
of organic binders is described, e.g., in (Reference 5). In
contrast, inorganic water glass binders release water
vapor.® Due to the implementation organic additives,
harmful decomposition products occur on a far smaller
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scale.” Thus, inorganic binders are increasingly used due to
legal regulations and work safety considerations.® As
always, changing to a different material in production
poses new challenges. With molds and cores, the most
prominent changes from organic to inorganic are their
different susceptibility to mechanical deterioration due to
humidity” and their decoring behavior.'® Another aspect
that needs consideration when designing cast products is
the materials’ difference in gas generation. With inorganic
binders, water evaporates in the hot outer shell first during
casting and condenses in the cooler parts of the core. This
leads to an increase in local water content within the core
during casting. The accumulated water evaporates as soon
as the core’s center reaches boiling temperature and needs
to leave the core quickly when pressure build-up should be
avoided. With organic binders, whose solvents are more
volatile and less concentrated, almost all the reaction
products leave the core continually through the core
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Figure 1. Schematic of the water transport in inorganic foundry cores due to heat

input from the melt.”?

bearings, also called core prints. This reduces the chance of
pressure building up and forcing gas into the melt, resulting
in casting defects.'' Knowledge of the behavior of inor-
ganically-bound foundry cores is essential to increase
process stability in the casting industry. Hence, a material
model for the gas release of those cores could assist in
optimizing the designing process to avoid blowholes. Our
goal was to develop insight into the correlations between
process and storing parameters on the one hand with the
core gas amount, time of gas release, and gas permeability
of the cores on the other hand. The measurements per-
formed within this research shall build the foundation for
the material model. Herein, we continue and expand our
work as shown in (Reference 12).

Theoretical Background
Moisture Transport in Foundry Cores

The binders of foundry cores release various substances
due to the heating effect of the melt. Organic binders
decompose and mostly form gaseous products.'® Inorganic
binders, on the other hand, release mostly water vapor,
which condenses upon reaching regions of sand at tem-
peratures below 100 °C. This reduces the amount of gas
present in the core, counteracting gas generation and thus
preventing venting of the core at the early stages of the
casting process due to a lack of pressure increase.
Accordingly, gas transport must be considered on top of
gas generation to study porosity caused by gas escape.'* In
the outer shell area of a foundry core, surrounded by melt,
the temperature rises above 100 °C. The water in this area
evaporates, increasing in volume. Due to the counterpres-
sure of the melt, the water vapor moves toward the core’s
center, pushing air outward through the core bearings.
Once the steam reaches an area within the core of a tem-
perature below 100 °C, it will condense, releasing heat to
the surrounding material. Hence, heat is transported within
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the core due to conduction and convection phenomena in
the molding material.'* These effects lead to an area of
increasing moisture content traveling toward the core’s
center. Its traveling path can be divided into five distinct
zones, shown schematically in Figure 1:'*

Dry sand zone: temperature > 100 °C, all mois-
ture evaporated

Evaporation zone: temperature
ture is evaporating

Vapor transport zone: temperature
steam is passing through
Condensation zone: temperature < 100 °C, steam
condenses, and moisture increases

Moist sand zone: temperature < 100 °C, unaf-
fected by moisture transport, yet

100 °C, mois-

100 °C,

Gas Shock

In the early stages of the casting process, moisture is
transported toward the core’s center, as described above.
Due to the continuous re-condensation, no pressure builds
up in the core. Hence, very little water is transported out of
the core but accumulates in its coldest areas.'* Once those
now wet, cold spots within the core reach boiling tem-
perature, the accumulated water evaporates quickly due to
its small spatial extent. Hence, the pressure within the core
rises, overcoming the counterpressure of the melt if not
appropriately vented through the core’s bearings. The gas
bubbles traveling through the melt can lead to gas porosity,
blowholes, and subsequently to scrap parts.'’ This abrupt
evaporation and escape of the core’s moisture is called gas
shock. To prevent blowholes in the cast part, either the melt
surrounding the core has to solidify before the gas shock
occurs, or the core’s geometry has to be designed in a way
as to allow the vapor to escape via its bearings.
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Materials and Methods
Specimens

In this work, silica sand with a mean grain diameter of
.32 mm is used (H32, Quarzwerke GmbH, Germany). A
two-component inorganic binder system is added (INO-
TEC EP 4158 and INOTEC PROMOTOR TC 4500, ASK
Chemicals, Germany). The binder system is used in three
different quantities of 2.0, 2.5, and 3.0 wt% binder and 1.6,
2.0, and 2.4 wt% promoter, respectively. For the experi-
ments, three different geometries of specimens were used.
All of which were cylindrical with length and outer
diameter of 50 mm. One version was made entirely of
sand, the other two had graphite tubes of 5.0- and 12.5-mm
wall thickness forming the outer diameter. Therefore, the
sand filling these tubes featuring diameters of 40 and
25 mm, respectively.

According to (Reference 12), the dry specimens’ average
density is 1.59 g/cm?, resulting in specimen weights of
159.2, 99.9, and 39.0 g. Considering the density of silicon
dioxide, the sand’s bulk material, of 2.65 g/cm3, the
specimens consist of 60% sand and 40% air.

The specimens were produced via the core shooting pro-
cess in a Loramendi SLC2-25L (Loramendi S.Coop.,
Spain). The mold’s cavity resembles the pure sand speci-
men. In the other cases, the graphite tubes were inserted
into the cavity, thus reducing the cavity’s open diameter.
The core shooting parameters are shown in Table 1.

After core shooting, the specimens were stored in a climate
cabinet for at least 24 h to homogenize their moisture
content. The set temperature was 20 °C, and relative
humidity (RH) was varied in three steps at 10, 50, and 90%

Induction Analysis Furnace (IAF)

Both the core gas creation and the gas permeability test
were performed using the institute’s Induction Analysis
Furnace (IAF), described in (Reference 12). This is a
highly controllable test stand regarding atmosphere and
temperature. Its test chamber consists of an aluminum cube
with an inner edge length of roughly 200 mm. By adjusting
the argon flow into and out of the test chamber, volumetric
flow, pressure, and oxygen levels are controlled. The alu-
minum side plates are water-cooled. The specimen is sus-
pended in the cube’s center, surrounded by an induction
coil. An in-depth description of the IAF is provided in
(Reference 12). Twelve-core gas creation is tested by
closing the graphite tube on both ends, except a heated
copper pipe, leading into a water reservoir situated on a
laboratory scale (XSR304, Mettler-Toledo GmbH, Ger-
many). Once the specimen gets heated, water evaporates
inside the sand specimen and condenses in the water
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Table 1. Core Shooting Process Settings

Parameter Value
Tool temperature 150 °C
Shooting pressure 5 bar

Shooting time 1s

Gassing temperature 220 °C
Pre-gassing time 10s
Gassing time 5s

Figure 2. Specimen geometry and composition.’?

reservoir, increasing its weight. A heating rate of 50 °C/
min was applied to the surface until 800 °C were reached,
then the temperature was held constant for 5 min.

The data of the sample’s weight were smoothed and
detrended to rid it of influences of gas bubbles leaving the
copper pipe and mass reduction due to evaporation.'* The
result is a curve with two steady states, one at the begin-
ning and another toward the end of the experiment, and an
increase in weight in between, representing the gas release
from the specimen. The change in the signal, representing
the time of gas release, is evaluated using two approxi-
mating segments assessed by a cost function according to
(Reference 15). The sand specimens with the smallest
diameter were installed in the test chamber to measure gas
permeability. The lower end of the graphite tube was left
uncovered toward the test chamber, while the upper end
was connected to a copper pipe leading into the open.
Argon flow is detected via a flow meter on the outlet
(SFAH-100U-Q8S-PNL, Festo Vertrieb GmbH and Co.
KG, Germany). The pressure inside the test chamber was
gradually increased by approximately 7 mbar/s up to
0.4 bar.

Moisture Balance

A KERN DBS 60-3 moisture balance (KERN and SOHN
GmbH, Germany) is used to validate the experimental
results of the core gas creation within the IAF. For this, a
projecting smaller cylinder on the outlet surface of the
specimen cylinder due to the core shooting process is filed
off. This is visualized by the scetch in Figure 2. On the
balance, the sand is heated to 200 °C, using radiation. The
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Figure 3. Gas permeability measurements. The flow speed Q/A is shown with
respect to the sample length-specific pressure difference pA.

temperature is gradually raised and remains at its maxi-
mum for 5 min. The signal is logged via the scales RS232
interface.

Submersion Experiments

The largest sand cylinders were submerged in molten
aluminum (AlSil12) at 750 °C. For that, an A20 clay—gra-
phite crucible was placed in a resistance-heated furnace,
K4-13 (Nabertherm, Germany), until the desired tempera-
ture was reached. Before each experiment, the melt surface
was skimmed. A specimen was gripped with hot pliers,
holding it at two spots on the cylindrical surface to mini-
mize the effects of the tooling. The specimen was then
submerged in the melt. A camera recorded the melt’s
surface during the experiment, so core gas bubbles could be
detected, hence timing the start of the gas shock. After the
experiment, the melt was given time to regain its starting
temperature.

Results and Discussion

Three repetitions of the experiments obtain the values in
the figures below. Both the values and their standard
deviations are shown in tables in Appendix 1.

Gas Permeability

The results of the gas permeability measurements are
shown in Figure 3. The legend lists the RH values, fol-
lowed by the binder content. The measured values were
transformed to eliminate the specimen’s geometric aspects.
The pressure (p) is expressed per length (1) and the volu-
metric flow (Q) per cross-sectional area (A).
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Each line represents the average of three specimens with
identical values regarding relative humidity during storage
and binder content. The data are subject to high variation.
Hence, the influence of the process parameters on gas
permeability is low. Yet, the specimens with higher binder
content tend to show less gas permeability than the others.
Both the 10 and 90% RH samples make up the bulk of lines
in the lower segment, whereas the specimens stored at 50%
RH sit slightly above those.

Moisture Balance

The measuring results of the moisture balance are shown in
Figure 4. Water content in the sand specimens shows an
exponential increase with increasing relative humidity
during storage. An increase in water content with
increasing binder content is apparent as well. Specimens
stored at 10% RH contain between 0.2 and .3% water,
according to their binder content. Whereas specimens
stored at 90% RH show between 0.9 and 1.2% water
content. The binder structure covering the grains of sand
provides the potential for water to attach to the material in
higher quantities. The water content of the specimen and
the specific volume of saturated steam of 1.7 1/g at 100 °C
and atmospheric pressure results in a volume of water
vapor created between 0.3 and 2.0 1. Hence, filling the
specimen’s pore volume between 12- and 80-fold. There-
fore, after the first bit of gas leaves the specimen, the
atmosphere within is mostly water vapor.

Gas Shock in IAF

The measurements of water release in the IAF, presented in
Figure 5, show similar behavior as those on the moisture
balance. Yet again, total water content increases expo-
nentially with respect to RH in storage. Also, the difference
between 2.0 and 3.0 wt% increases with increasing RH.
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Figure 5. Water content as per IAF depending on binder
content and relative humidity at 20 °C.

Although the total water content of the specimens stored at
10% RH is identical between 0.2 and .3%, the maximum
water content only reaches about half the amount of the
results on the moisture balance. This is likely due to the
difference in composition of both specimens, as the ones on
the moisture balance contain a higher fraction of rim
material. As the sand is compressed against the tool here, a
different structure and alignment of grains might cause
differing interactions with water.

When evaluating the time of gas shock, as shown in Fig-
ure 5, a reduced delay with increased RH in storage is
apparent. Also, higher binder content and therefore
increased amounts of water within the specimen tend to
reduce the delay time of gas release. The data point rep-
resenting 2.0% binder at 90% RH seems to be an outlier.
Those effects are probably due to two leading causes. For
one, heat conductivity in foundry cores is significantly
increased with vapor movement within them. Hence,
heating the middle of the specimen quicker. Also, water
accumulates in the cold center of the specimen by
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Figure 7. Time after submersion in aluminum melt at
which gas release from the specimen starts, using
specimens of 50-mm diameter without graphite tube.

repetitive evaporation and condensation. Once the channels
between the sand grains are filled with water, this is no
longer possible, and vapor would be forced out of the core
and be detected via the scales.

Submersion Experiments

Figure 7 shows the submersion time at the onset of the gas
shock. A very similar relation between storage RH and the
time of the gas, as in the experiments in the IAF, is
apparent. The onset times shift to values between 10 and
70 s due to the difference in heating. Yet again, the delay
decreases with increasing RH. The binder content seems to
be of greater influence for lower RH, relatively increasing
the amount of chemically bound water.
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Conclusion

Due to environmental and work safety regulations, the use
of inorganically-bound foundry cores is increasing. Their
reaction products, being mostly water, offer new chal-
lenges. Due to moisture transport toward the cool spots in
the core’s center, the final gas generation is rather rapid and
tends to create blowholes within the cast part. We were
able to quantify the water amount released over time from
the core in relation to both binder content and relative
humidity at storage. The data created within the IAF
matches that received via moisture balance and submersion
of cores into the melt, as well as to values given in the
literature. In addition, gas permeability was measured for a
pressure difference of up to 0.4 bar. An increase in the
binder content of inorganically-bound foundry cores makes
them more susceptible to moisture exposure during storage,
allowing them to absorb more water. Relative humidity
also plays a big role in how much water the core absorbs.
Both factors lead to a higher and earlier gas release from
the core when heated up. The next step will be to build a
material model to predict gas release and help design
foundry cores and casting processes.
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Appendix 1

See Tables 2, 3, 4, 5 and 6.

Table 2. Gas permeability as shown in Figure 3

Q/A in m/s at 1e5 Pa/m 10% RH 50% RH 90% RH
2.0% binder 0.23 0.25 0.22
2.5% binder 0.23 0.22 0.22
3.0% binder 0.22 0.24 0.22
Std. in m/s

2.0% binder 0.01 0.01 0.01
2.5% binder 0.01 0.02 0.03
3.0% binder 0.02 0.00 0.02
Q/A in m/s at 3e5 Pa/m 10% RH 50% RH 90% RH
2.0% binder 0.56 0.62 0.56
2.5% binder 0.54 0.55 0.56
3.0% binder 0.54 0.61 0.53
Std. in m/s

2.0% binder 0.01 0.01 0.04
2.5% binder 0.01 0.05 0.06
3.0% binder 0.04 0.01 0.05
Q/A in m/s at 5e5 Pa/m 10% RH 50% RH 90% RH
2.0% binder 0.82 0.87 0.82
2.5% binder 0.78 0.81 0.80
3.0% binder 0.79 0.88 0.78
Std. in m/s

2.0% binder 0.01 0.03 0.06
2.5% binder 0.02 0.07 0.07
3.0% binder 0.06 0.02 0.07
Q/A in m/s at 7e5 Pa/m 10% RH 50% RH 90% RH
2.0% binder 1.02 1.06 1.01
2.5% binder 0.97 1.03 0.99
3.0% binder 1.00 1.09 0.98
Std. in m/s

2.0% binder 0.01 0.04 0.07
2.5% binder 0.02 0.1 0.07
3.0% binder 0.09 0.07 0.10
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Table 3. Water content as per moisture balance
depending on binder content and relative humidity as
shown in Figure 4

Water content in % 10% RH 50% RH 90% RH

2.0% binder 0.22 0.36 0.92
2.5% binder 0.26 0.41 1.12
3.0% binder 0.31 0.49 1.26
Std. in %o

2.0% binder 0.12 0.12 1.10
2.5% binder 0.25 0.21 0.80
3.0% binder 0.10 0.17 0.55

Table 4. Water content as per IAF depending on binder
content and relative humidity as shown in Figure 5

Water content in % 10% RH 50% RH 90% RH

2.0% binder 0.21 0.22 0.36
2.5% binder 0.26 0.35 0.52
3.0% binder 0.28 0.39 0.66
Std. in %o

2.0% binder 0.37 0.42 1.36
2.5% binder 0.13 0.69 0.18
3.0% binder 0.12 0.22 0.90

Table 5. Time after start of the experiment at which gas
release from the specimen is most prominent for a
heating rate of 50 °C/min as per IAS as shown in Figure 6

Time in min 10% RH 50% RH 90% RH
2.0% binder 8.78 5.99 7.61
2.5% binder 7.77 4.94 4.36
3.0% binder 7.52 4.96 4.46
Std. in min

2.0% binder 0.74 0.69 2.64
2.5% binder 0.03 0.98 0.71
3.0% binder 0.24 0.20 0.14

Table 6. Time after submersion in aluminum melt at
which gas release from the specimen starts as shown in

Figure 7
Time in' s 10% RH 50% RH 90% RH
2.0% binder 65 25 9
2.5% binder 63 30 9
3.0% binder 49 28 7
Std. ins
2.0% binder 25 12.7 1.4
2.5% binder 1.5 8.7 2.6
3.0% binder 25 1.4 14
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