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Abstract

The density of moulding mixtures used in the foundry industry plays a significant role since it influences the strength, porosity, 
and permeability of moulds and cores. The latter is routinely tested in foundries using different solutions to control the prop-
erties of the moulding materials that are used to make moulds and cores. In this paper, the gas permeability of sand samples 
was measured using a custom-made setup to obtain the gas permeability in standard units instead of the usual permeability 
numbers (PN) with calibrated units. The aim of the work was to explore the effect of density variations in moulding materi-
als on their gas permeabilities. Permeability in this work is quantified in SI units, square metres [m2]. The setup works based 
on Darcy’s law and the numbers obtained from the measurements can be used to deduce the gas permeability, k, of a sample. 
Two furan resin bonded mixtures with the same grain size distribution were hand-rammed with varying compaction forc-
es to obtain a  variation in density. Cylindrical samples (50 × 50 mm) were prepared using a  silica sand aggregate sourced 
from a  Swedish lake. The results of the measurement provided the difference in gas permeability between the samples that 
have varying densities. The results of permeability were then extrapolated by modifying the viscosity value of the air passed 
through the sample. In order to find the effect of apparent density variation on the pore characteristics of the samples, mer-
cury intrusion porosimetry (MIP) was also performed. The results were in line with the gas permeability measurements. 
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1. INTRODUCTION

Sand casting, one of the oldest and most versatile manufactur-
ing processes, involves pouring molten metal into a mould cav-
ity that is designed and shaped according to the structure and 
dimensions of the finished form of the component [1]. Casting 
methods using aggregates can be divided into two main 
types: non-permanent molds made by permanent patterns or 
non-permanent patterns. Of these two, high volume produc-
tion is achieved using non-permanent/expendable moulds 
with permanent patterns [1]. Cores are parts of these moulds 
that serve the purpose of creating hollow cavities or shapes 
inside the cavity where patterns cannot be used [2]. Cores are 
prepared by binding aggregate material either using organic 
or inorganic binder. They are usually accompanied by the ad-
dition of a catalyst material depending on the type of the resin 
and process. Since they involve multiple components, they are 
termed binder systems [3]. 

Hand-ramming is an important process in the foundry 
industry for small volume production and prototyping. It 
involves the manual compaction of sand grains already mixed 

with the binding agents. The role of compaction or ramming is 
significant for several reasons. Among other things, compac-
tion determines the density, and permeability of the mould-
ing material. Smaller cores are compacted by compressed 
air and, for larger moulds and cores, pneumatic rammers are 
commonly used. On the industrial scale, machine compaction 
methods such as compression, injection and core shooting are 
used. Moulds are commonly manufactured using methods like 
bench moulding (for low production rates), machine moulding 
(high volume production), pit moulding (large castings) and 
floor moulding (medium sized castings) [4]. During the casting 
process, the moulds and cores must withstand heat shock and 
pressure in the system. If the gases formed during the ther-
mal decomposition find a way to the liquid metal, gas related 
defects such as blow holes will appear in the casting. Hence 
gas-permeability of cores and moulds affects the casting qual-
ity and is a critical parameter [5]. In this work, the density of 
furan no-bake sand cores was varied by altering the compac-
tion force during hand ramming. Gas permeability was meas-
ured using a custom-made measurement setup that provides 
numbers in standard units of square metres [m2].
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2. BACKGROUND

The density of sand used for foundry purposes are meas-
ured in different forms. Loose, dry and free flowing sand 
bulk density is measured using a 100 ml graduated cylinder 
and the procedure for testing this parameter is provided 
by the AFS Mold and Core Test Handbook [6]. On the oth-
er hand, the apparent density of solid moulds is measured 
using the direct relationship between the mass and the vol-
ume of the moulds and cores. Gas permeability of moulds 
are dependent on several factors. On a  micro-scale, prop-
erties of the sand grains like the grain size and shape in-
fluence the permeability. On a macroscopic level, properties 
of the mould/core such as the apparent density and the re-
sulting porosity of the sample influence the permeability. In 
this study, the compaction force was varied while preparing 
samples to achieve a difference in the apparent density, and 
the resulting differences in gas permeability this variation 
caused was quantified. 

Gas permeability has not been modelled extensively for 
foundry cores and moulds. Several researchers from other 
fields have worked on predicting the gas permeability of 
sandstones, soil and other rocks using parameters such as 
grain size distribution, porosity etc. [7, 8]. Permeability pre-
diction from porosimetry data has also been widely carried 
out in other fields, such as earth sciences and geothermal 
engineering. Ettemeyer et al. [7] measured the gas perme-
ability of foundry cores that are 3D-printed. In their work, 
the measured gas permeability data were used to predict 
the behaviour of the sand cores, when high temperature 
gases passed through them. 

Dańko et al. [9] studied the core properties prepared from 
core shooters using a custom method. Of the properties that 
were studied, the effect of shooting pressure, rate of filling, 
and the apparent density were the primary focus for differ-
ent sand grain types. In another related work, Dańko worked 
on establishing the effect of grain size distribution on the 
bending strength and apparent density of commercially 
shot foundry samples [10]. It is also known from research 
in the field of petrochemical and geothermal sciences that 
permeability is more dependent on the pore characteristics 
than the porosity itself. In consolidated media there could be 
instances where samples that may be more porous but could 
have lesser interconnected pores and therefore having lower 
gas permeability [11]. The authors of the current work per-
formed mercury intrusion porosimetry (MIP) measurements 
to reveal the pore characteristics of furan no-bake cores in an 
earlier study. In that work the authors quantified the effect 
of grain size distribution on the gas permeability of foundry 
cores and identified a certain threshold limit for the perme-
ability after which the reduction in permeability were not 
significant [12]. The authors also identified the importance 
of pore characteristics of furan no-bake cores and its effect 
on the gas permeability. In the current work presented, the 
effect of apparent density on the gas permeability were stud-
ied. It is important to quantify the pore characteristics of 
a porous material, because they play a significant role on the 
gas transport properties of the sample and hence it is anal-
ysed using MIP in this study.

3. MATERIALS AND METHODS

For this study, foundry grade silica sand sourced from 
a Swedish lake was used as the aggregate material. The sand 
is widely used by the foundry industry in Sweden. The grain 
size distribution is shown in Figure 1. The grain size distribu-
tion and the average grain size were determined according to 
Swedish standards.

2% (of the mass of sand) of furan resin was added to the 
sand along with 40% (of the mass of the resin) sulphon-
ic acid-based catalyst and mixed. The mixture was then 
hand-rammed with a  custom-made rammer and tube set-
up. A known mass of sand was inputted into the tubes and 
the compaction force was varied such that the density of the 
samples also varied. The compaction force was not meas-
ured. The samples prepared were of the standard cylindrical 
geometry (50 × 50 mm) that is used widely for foundry sand 
testing. The curing time was 24 hours for both samples. The 
properties of the samples are shown in Table 1.

The samples were evaluated in three steps. First, gas 
permeability measurements were conducted using a  cus-
tom-made setup that utilizes Darcy’s law. The cylindrical 
core is enclosed in an air-tight setup that allows air (at room 
temperature) to flow through the specimen from one end to 
the other end. The pressure difference building up was meas-
ured using a differential pressure sensor. The velocity of the 
air was also measured on the outlet side using a mass flow 
sensor. The working principle and more detailed governing 
calculations can be found in a previous work published [13]. 

In the second step, the obtained gas permeability numbers 
were used to reveal the hypothetic effect of temperature on 
the gas permeability of the samples. This provides informa-
tion about how the sand mixture might behave when the 

Fig. 1. Grain size distribution of the silica sand used

Table 1	  
Properties of the samples prepared and measured for permeability

Sample Mass [g] Volume 
[cm3]

Density 
[g/cm3]

Average 
grain size  

[mm]

A 135.12 99.73 1.39
0.31

B 149.62 99.83 1.51
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temperature of the passing gas is higher (which is close to 
the reality when it comes to casting processes). However, the 
calculation assumes that the decomposition of the furan res-
in does not have an effect on the pore characteristics, since 
the resin and catalyst content is low both in mass and volume 
fraction when compared to the sand grains. This assumption 
has been previously made by researchers while measuring 
gas permeability [14, 15]. 

In the third step, the samples were then analysed using mer-
cury intrusion MIP, using a Micro metrics Autopore III 9410.

This method provided data on the porosity, pore size dis-
tribution, pore area and other important pore characteris-
tics. The 50 × 50 mm, cylindrical samples were cut, and three 
specimens from the central area of each cylinder were then 
machined out, according to Figure 2.

4. RESULTS AND DISCUSSION

4.1. Permeability results

The ratio of volumetric flow rate of the air, Q in cubic metres 
on seconds that is measured at the outlet to the cross-sec-
tional area, A  in in squar metres of the sample is plotted 
(x-axis) as a function of the ratio of the differential pressure, 
dP in Pascals to the length of the sample, L in meters in the 
y-axis. Q/A plotted against dP/L for the two samples are su-
perimposed and shown in Figure 3. From the slope of these 
plots, gas permeability is calculated with the help of the dy-
namic viscosity of air. The dynamic viscosity of the air that is 
passed through the sample is 1.85E-5 kg/ms [16]. A total of 
four measurements were performed for each sample studied 
and the mean with the standard deviation was calculated. 
The standard deviation numbers for these measurements 
could be found in Table 2.

The slope of the sample A is visibly steeper and has a higher 
gas permeability. This is expected as Sample A has a density 
of 1.39 g/cm3 and it is the lower of the two samples studied. 
The slope of sample B is smaller than the slope of A. Sample B 
had a density of 1.51 g/cm3. The air flow rate per unit area is 
lesser for sample B and shows that the sample is less perme-
able. The gas permeability values of the measured samples 
are presented in Figure 4. The mean gas permeability and the 
standard deviation results are presented in Table 2.

It can be seen that the standard deviation for sample B was 
much higher than Sample A. The results show that the gas 
permeability for Sample A was higher with 5.26∙10−12 m2 as 
the mean value of four measurements. Gas-permeability of 

Sample B which had a  higher density, eventuated in lower 
gas-permeability of 1.43∙10−12 m2. The background of these 
findings were evaluated further by means of MIP tests.

4.2. Permeability calculated for higher temperatures  
based on Darcy’s law

Darcy’s law provides a proportionality between the volumet-
ric flow rate of a porous material and the pressure gradient 
of the material when a  fluid passes through [17]. The law 
also includes the dimensions of the sample measured such as 

Fig. 2. Cylindrical samples were cut and the pieces for the MIP 
marked with a cross mark

Fig. 3. Volumetric flow rate divided by the area of cross-section of 
the sample(y-axis)plotted against the differential pressure divided 
by the length of the sample 

Fig. 4. Gas permeability of the measured samples A and B

Table 2	  
The mean gas permeability and the standard deviation results

Parameter Sample A Sample B

Apparent density [g/cm3] 1.39 1.51

Gas permeability [m2] 5.265E-12 ±0.09 1.43E-12 ±0.18

Measurement 1 5.14E-12 1.61992E-12

Measurement 2 5.24E-12 1.19667E-12

Measurement 3 5.29E-12 1.61045E-12

Measurement 4 5.39092E-12 1.34216E-12
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the area of the sample and length. Since fluid viscosity plays 
a significant role in the flow characteristics, the law also in-
cludes dynamic viscosity. Darcy’s law can be written as in fol-
lowing equation, where k/μ can be obtained from the plots 
presented in Figure 3.

= ⋅
µ

Q k P
A L

d

where:

 Q – volumetric flow rate of air; 
A – cross-sectional area of the sample;
k – permeability;
μ – dynamic viscosity;

dP – differential pressure across the sample;
L – length of the sample.

The dynamic viscosity μ at room temperature [16] was 
used to determine the gas permeability of the material. To 
study the effect of fluid temperature on the gas permeabil-
ity, the dynamic viscosity for higher temperatures [16] was 
considered and are incorporated in Darcy’s law. The dataset 
for the extrapolation was based on Table 3. Using the flow 
characteristics measured from the experiments the gas per-
meability is calculated for higher temperatures. The need 
for such an estimation comes from the fact that the actual 
gases evolving during the casting process are higher than 
room temperature. The dynamic viscosity of a fluid affects 
the way it flows through the pores and the pressure dif-
ference it creates when it flows from one end to the other. 
Hence during the gas evolution process, when the high tem-
perature volatile compounds try to escape the mould/core, 
the effect of dynamic viscosity must be taken into account. 
Figure 5 shows the effect of air temperature on the gas per-
meability which is calculated from the increasing dynamic 
viscosities of air. The measured permeability values (from 
the first measurement) of both samples A and B were used 
for the calculation. 

From the results it can be seen that high temperature per-
meability sensitivity is predominant for Sample A, which had 
a lower room temperature permeability. 

The results show how significantly the temperature of the 
air passing through the sand grains can affect the gas per-
meability. During the casting process, the temperature of the 
gaseous volatile substances releasing can be quite high. From 
the above results, one can notice that the higher the tempera-
ture, the higher the gas permeability. Apart from the effect of 
the dynamic viscosity, the degradation of the core itself due 
to the decomposition of the binder system could also change 
the pore structure of the moulding material, both these fac-
tors might have a significant effect the overall permeability of 
the core. However, in-situ experiments where simultaneous 
measurement of binder system decomposition and chang-
es in pore structure are not available today, however such 
understandings are needed to evaluate the significance of the 
phenomena discussed above. The dynamic viscosity of air 
increases linearly and hence the gas permeability is also seen 
to have increased linearly.

4.3. MIP results

The results presented below are from the average of two sam-
ples from A  (A1 and A2) and three samples from B (B1, B2  
and B3). The sample A3 is not included in the results because 
of an unexpected error during the mercury intrusion process. 
The differential intrusion pore volume plotted against the 
mean pore diameter (with a logarithmic scale for the mean 
pore diameter) is shown in Figure 6. 

From Figure 6a, it can be seen that both the samples show 
a bimodal pore size distribution. Both have pores in the size 
range of 300–0.01 μm. However, Sample B had a significantly 
higher amount of smaller pores. These smaller pores fall under 
the mesopores category according to IUPAC [18] classification. 

Fig. 5. The effect of air temperature on the gas permeability of the 
furan sand sample

Table 3	  
Effect of air temperature on the permeability of samples

Air  
temperature  

[°C]

Dynamic 
viscosity, 
[kg/ms]

Permeability k [m2]

Sample A Sample B

20 1.82E-05 5.14E-12 1.62E-12

100 3.24E-05 9.12E-12 2.88E-12

200 4.95E-05 1.39E-11 4.39E-12

300 6.87E-05 1.93E-11 6.10E-12

400 8.95E-05 2.52E-11 7.94E-12

500 1.11E-04 3.12E-11 9.85E-12

600 1.35E-04 3.80E-11 1.20E-11

700 1.59E-04 4.47E-11 1.41E-11

800 1.85E-04 5.21E-11 1.64E-11

900 2.12E-04 5.97E-11 1.88E-11

1000 2.39E-04 6.73E-11 2.12E-11
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To discuss the pore size distribution more elaborately (Fig. 6b), 
which had the differential pore volume plotted against the 
mean pore diameter with a linear axis is presented. The area 
under the curve represents the pore volume of the sample 
measured for a  particular wide pore radius. Sample B had 
a lower concentration of larger pores of 230–130 μm. Sample 
A, on the other hand, had a higher number of larger pores 
and a lower concentration of smaller pores both in the range 
of 130–80 μm and 0.1–0.009 μm. The curves showed that, 
a variation can be observed between sample A and B in terms 
of the inflection point (which could be considered the crit-
ical pore diameter). Sample A  had a  critical pore diameter 
of 130 μm, while B had a  critical pore diameter of 72 μm. 
Parameters such critical pore diameter, concentration of the 
pores and the distribution clearly indicate the difference in 
pore characteristics and its effect on the permeability of the 
samples. Sample A which had an overall higher porosity, high-
er large pore concentration and a higher critical pore diam-
eter exhibited higher permeability. While sample B which 
had a lower porosity, relatively fewer macropores and a low-
er critical pore diameter exhibited lesser permeability. It is, 
however, interesting to see the significantly higher amount 
of meso-micro pores in Sample B. The effect of these smaller 
pores on the permeability is also a factor to analyse. Sample B,  
which had a  higher apparent density and greater degree 
of compaction, exhibits more micropores than Sample A. 
Cumulative pore volume plots or incremental pore volume 
plots for the two samples are shown in Figure 7.

It is evident from the cumulative pore volume curve that 
Sample A had a higher overall porosity and hence higher per-
meability. Table 4 presents the porosimetry results and the 
permeability of the specimens. From the results of MIP, it is 
clear that compaction affects the pore characteristics and the 
structure of the pores in foundry moulds and cores.

5. CONCLUSIONS

The presented work aimed at quantifying gas permeability 
when the compaction rate varied and samples with varying 
apparent densities are obtained. The quantification of per-
meability was done using a custom-made setup that provides 
results in standard permeability units, square metres [m2].  
The results show that the permeability decreased from 
5.26∙10−12 m2 to 1.43∙10−12 m2 for samples that increased in 
density from 1.39 g/cm3 to 1.51 g/cm3. The effect of sample 
density on the permeability was quantified and the reduction 
in gas permeability was measured in standard units, square 
metres [m2]. The effect of the temperature of the air on gas 
permeability was also calculated using the experimental re-
sults, with the obtained room temperature gas permeability 
of one measurement from both Sample A and B. From these 
results it is clear that gas permeability can significantly in-
crease when air temperature is higher. Hence, when consid-
ering the gas permeability values for modelling gas evolution 
processes in castings, higher gas permeability numbers must 
be considered so that any underestimation of the amount 
and rate of gases that the cores could evacuate is avoided. 

Fig. 7. Cumulative pore volume plots for sample A and B

Table 4	  
The pore characteristics of the samples measured using mercury  
intrusion porosimetry

Property  Sample A Sample B

Apparent  
density [g/cm3] 1.39 1.51

Pore volume [cm3/g] 0.34 0.27

Median pore 
diameter [μm] 101 69

Porosity [vol. %] 47.5 43.3

Gas permeability [m2] 5.26∙10−12 1.43∙10−12

Fig. 6. The differential pore volume curve plotted as a function of the 
mean pore diameter (a). The first peak of Figure 6a is presented in 
a linear scale showing the difference in pore (b)

b)

a)
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Results from mercury intrusion porosimetry compliment-
ed the results of gas permeability. They showed that the pore 
characteristics change significantly when the apparent den-
sity and compaction is higher for furan no bake sand cores. 
The number of smaller pores increased significantly with 
compaction while the critical pore diameter decreased with 
the increase in apparent density. It not only decreases poros-
ity, but also decreases the average pore size. Porosity affects 
the permeability at a  macro-level, but pore characteristics 
such as the amount of micro-pores, the diameter of the pores 
and the interconnectivity of the pores also play an important 
role in gas permeability. However, it will be interesting to see 
the effect of increased micro-pores on the gas permeability of 
foundry samples in the future. 
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