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Abstract 
 
The article presents the results of investigations on the influence of the type of sand matrix on the binding process of self-setting molding 
sands with an organic binder. The study encompassed molding sands prepared on matrices of quartz, reclaimed quartz, zircon, chromite, 
corundum, synthetic, and olivine sand (a “non-compatible” sand). For the preparation of the molding sands, a urea–furan resin Kalthartz 
U404 was used as the binder, along with an acidic hardener, Activator 100 T3. In the case of matrices compatible with the self-setting 
molding sand system with an organic binder, the resin content was 1.00 p.p.w., with a constant hardener-to-binder ratio of 50 %. During the 
study, a sieve analysis of the investigated sand matrices was conducted according to PN-83/H-11076, and the pH value was determined 
using a method refined by the authors based on BN-81/4021-02. Fourier Transform Infrared (FTIR) spectroscopy was performed, along with 
kinetic studies of the sand binding process using the ultrasonic method, complemented by observations of the resulting binder bridges. 
During the ultrasonic tests, the influence of the applied sand matrix on the value of the obtained wave velocities (CL) and on the changes in 
the degree of sand hardening (Sx) during binding was determined. Additionally, the kinetics of the hardening process were determined based 
on dCL/dt and dSx/dt. All experiments were conducted on an ultrasonic testing station equipped with a temperature-controlled chamber, 
maintaining an ambient temperature of 20 °C throughout the measurements. Care was taken to ensure that the temperature of the molding 
sand after mixing all components remained at approximately 20 ± 1 °C. 
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1. Introduction 
 
Quartz sand remains the dominant choice in many foundries, 

because of its wide availability and low cost, which make it 
attractive for routine molding sand operations and high-volume 
casting runs [1]. Quartz sand, which is mainly pure silica (SiO2), is 

valued in foundries for its controlled grain distribution and 
chemical purity, which in turn have a positive effect on obtaining a 
uniform mold surface and permeability (the ability to remove gases 
released during liquid metal pouring). Molding sands made with a 
quartz sand matrix is characterized by very good fluidity. Its 
thermal properties allow for wide application in industry, not only 
in foundries but also in glassmaking [2]. Thanks to its neutral pH 
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(6-7), it can be used for all types of molding sands: green sand, with 
organic and inorganic binders. Used quartz sand can be reclaimed, 
in which the binder residues are removed, restoring the shape and 
surface of the grains to their condition before the molding sand was 
made (mainly organic binders) [3,4]. This reduces waste and 
maintains the economic balance of the casting production process. 
[5,6] Unfortunately, the reclamation process does not restore the 
chemical properties, which means that acidified sand from molds 
with an organic system has an acidic reaction, allowing it to be 
reused only in the same process.  

Zircon, corundum, and chromite sands are used for castings 
that require extreme thermal, chemical, and mechanical properties 
during production. [7]. Zirconia sand offers thermal stability, and 
molding sands made from this type of sand has high mechanical 
strength. It is used in the production of castings as a model sand, 
where high-quality shape reproduction at elevated temperatures is 
essential. Unfortunately, due to its high price, it is not widely used 
in the foundry industry. [8, 9]. Corundum sand, which is dominated 
by aluminum oxide (Al2O3), is also characterized by very good 
thermal resistance, and molding sands made on the basis of this 
sand are characterized by low abrasion and long-term dimensional 
stability at high temperatures. [10, 11]. Chromite sand combines 
high thermal and mechanical resistance. Molding sands made from 
this base can also be regenerated. It is used in cast steel foundries 
as a model sand. [12, 13, 18, 19].  

Olivine sand fills the gap between the previously described 
expensive materials for molding sand cores and quartz sand. 
Molding sands made of olivine sand are characterized by low 
thermal expansion, which reduces the occurrence of casting defects 
associated with thermal stresses. [14, 6].  
Molding sands based on quartz sand have been thoroughly 
researched in terms of hardening kinetics and the production 
process of molds and cores. [15, 16] This creates a research gap 
related to the hardening process of molding sands with other 
foundry sands used as a matrix.  

 
 

2. Methotology and materials 
 

Based on the method described in standard BN-81/4021-02 [17], the 
method for determining pH values has been refined. The procedure is as 
follows: 
• The sand sample was dried at 110 °C until a constant mass was 

obtained. 
• After drying, the material was crushed, avoiding grinding the 

grains. 
• Next, 20 g of the prepared sample was weighed. 
• The weighed portion of material was transferred to a 100 cm³ 

measuring flask. 
• Distilled water was added to the flask, filling it to the mark. 
• The flask was closed with a stopper and the contents were 

thoroughly mixed using an ultrasonic cleaner for 15 minutes. 
• The flask was then set aside for 24 hours to allow the solution to 

stabilize. 

• After this time, the solution was removed from above the sediment 
using a pipette (30 ml of filtrate). 

• The flask was placed under the pH meter electrode, immersed in 
the filtrate, and left for at least 3 minutes to allow the measurement 
to stabilize. [18]  

Fourier transform infrared spectroscopy (FTIR) is an analytical 
technique that uses infrared radiation to study changes in the energy of 
molecular vibrations and rotations, allowing the identification of 
functional groups present in a sample [19]. This method enables 
qualitative analysis of chemical compounds based on characteristic 
absorption bands or by comparing spectra with reference catalogs [18]. 
One of the commonly used variants of FTIR is the ATR technique, which 
allows the examination of samples for which transmission measurements 
are difficult to perform [20]. The filtrate prepared using the described 
method was subjected to testing for pH, but in order to better dissolve the 
compounds responsible for the reaction of the sand, it was left for 72 
hours. The tests were carried out using a Nicolet 6700 FTIR spectrometer 
equipped with an ATR attachment and performing measurements using 
the SEIRA method, located at the Department of Chemistry and Metal 
Corrosion of the Faculty of Foundry Engineering at the AGH University 
of Science and Technology in Krakow. The Origin program was used to 
process the results of the spectra obtained. 

An ultrasonic method was used to analyze the kinetics of molding 
sand hardening. A sample of the tested sand was placed in a special core 
box, to which an ultrasonic head was applied to record changes occurring 
during the setting process over a period of 24 hours. Self-setting molding 
sands are classified as rheologically unstable materials. These changes in 
the rheological structure have a significant impact on the propagation of 
ultrasonic waves during curing. The conditions in the bonding chamber 
can therefore be considered similar to those in the mold cavity. Based on 
the analysis of wave velocity, the so-called hardening level (Sx) was 
determined. The sand hardening level is defined using formula (1), which 
is based on the dimensionless ultrasonic wave velocity [15, 16, 21, 22]: 
 

𝑆𝑆𝑥𝑥 =
𝐶𝐶𝐿𝐿(𝑥𝑥) − 𝐶𝐶𝐿𝐿(0)

𝐶𝐶𝐿𝐿(MAX) − 𝐶𝐶𝐿𝐿(0)
 (1) 

 
Where: 
𝐶𝐶𝐿𝐿(𝑥𝑥) – wave velocity in the sand sample determined in the very moment 
(𝑡𝑡𝑥𝑥), 
𝐶𝐶𝐿𝐿(0) – wave velocity in the sand sample determined at the beginning (𝑡𝑡0), 
𝐶𝐶𝐿𝐿(MAX) – wave velocity in the sand sample after its complete hardening. 
 

Photographs of the bonding brigdes the grains of the sand matrix 
were taken using a USB microscope MEDIA TECH at 100x 
magnification. 
The Table 1 shows the characteristics of the foundry sands used. In order 
to prepare the tested molding sands, 1 part by weight of furan resin and 
0.5 parts by weight of dedicated hardener per 100 parts by weight of the 
tested sand were used. The compounds were prepared in a hand mixer, 
where the matrix was first mixed with the hardener for 30 seconds, and 
then with the binder for another 30 seconds. In the case of olivine sand, 
the molding sands were made in the following proportions: 1.0 p.p.w 
binder /0.5 p.p.w. hardener; 1.0 p.p.w. binder/1.0 p.p.w. hardener; 1.5 
p.p.w./1.5 p.p.w. hardener; 1.5 p.p.w./2.5 p.p.w hardener. 
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Table 1.  
Characteristic of foundry sands 

 
Type of foundry sand 

Quartz  
sand 

Reclaimed 
quartz sand 

Zirconia  
sand 

Chromite  
sand 

Corundum  
sand 

Olivine 
 sand Synthetic sand 

Main 
fraction 

 
0.20/0.16/0.32 

 
0.20/0.32/0.40 

 
0.10/0.16/0.20 

 
0.20/0.32/0.40 

 
0.20/0.32/0.16 

 
0.20/0.32/0.40 

 
0.20/0.32/0.40 

Main 
fraction 

[%] 
86.12 93.70 99.10 85.46 98.30 84.88 85.54 

Avarage 
grain size 
DL [mm] 

0.233 0.287 0.165 0.262 0.243 0.278 0.267 

Shape 
index 
Wk 

1.17 1.46 1.31 1.07 1.59 1.90 1.87 

Shape of 
grain oval angular angular spherical sharp - edged sharp - edged sharp - edged 

Bulk 
density 

ρ [g/cm3] 
2.65 2.65 4.60 4.50 3.70 3.30 2.74 

Apparent 
density 

ρ0 [g/cm3] 
1.64 1.53 2.83 2.81 1.87 1.71 1.41 

Relative 
density 0.62 0.58 0.62 0.63 0.51 0.52 0.51 

 
 

3. Results and discussion 
 
 
3.1. pH test 
 

Figures 1-3 shows a comparison of the results obtained using 
the method described in standard BN-81/4021-02 with the method 
developed by the authors, with the median marked. Figure 4 shows 
the pH measurement values of the tested molding sands. 

 

Fig. 1. Comparison of pH testing methods for reclaimed quartz sand 
 

Fig. 2. Comparison of pH testing methods for quartz sand 
 

The method proposed by the authors, based on the method 
described in standard BN-81/4021-02, shows much greater 
repeatability of results and greater measurement stability. In each 
of the results presented, it can be seen that the results in the 
modified method are close to the median. The results oscillate 
around one, and the median of the results obtained is also the 
average result of the measurements. The average deviation from 
the median for results obtained using the method described in 
BN81-4021-02 is 0.20, while the modified method proposed in the 
publication indicates a value of 0.043.  
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Fig. 3. Comparison of pH testing methods for reclaimed olivine sand 
 

Fig. 4. pH values of the tested molding sands using the method 
proposed by the authors 

 
The values presented in Figure 4 allow the tested foundry sands 

to be classified as alkaline, neutral, and acidic. Alkaline sands 
include corundum sand (pH = 10.08), olivine sand (pH = 9.97), and 
chromite sand (pH = 8.27). Sands with a neutral chemical character 
include: zirconia sand (pH = 6.89), quartz sand  
(pH = 6.24) and synthetic sand (pH = 7.54). The only acidic sand 
tested is reclaimed quartz sand (pH = 2.76).  
The order of magnitude of the standard deviation from the mean is 
0.01, which also confirms the repeatability of the results for the 
modified method by the authors.  
 
 
3.2. FTIR spectroscopy 
 

On Figure 5 shows the results of FTIR analysis of the tested 
foundry sands. 
 
 

Fig. 5. FTIR analysis of foundry sand samples 
 

The structural analysis of the samples began with the 
substraction of the background, which was the spectrum of distilled 
water with a pH of 6. Despite this, due to the dominant absorbance 
of water, broad peacs characteristic of O-H stretching vibrations 
are still visible in the obtained FTIR spectra in the range of 3300 – 
3350 cm-1. [23] The distinct peaks at 1640 cm-1 observed for quartz, 
corundum and synthetic sand are also typical for water and 
correspond to the bending vibrations of H-O-H bonds. [24-26] For 
quartz, chromite, corundum, olivine and synthetic sand, FTIR 
spectra show peaks or bends characteristic of Si-O groups in the 
range of 1000-1100 cm-1, more precisely around 1060cm-1. [27] An 
exception is corundum sand, for which the bend is shifted to 1064 
cm-1, which may result from the superposition of bands derived 
from silicon on other signals, especially those derived from water. 
However, the presence of this bend clearly indicates the presence 
of Si-O groups. In the FTIR spectrum of the regenerate, there is no 
distinct typical band for silicon in the range of 1000-1100 cm-1, but 
Si-O vibrations can also be seen in the form of bending in the range 
of 700 – 800 cm-1. [27] These peaks, although varying in intensity, 
appear in all analysed samples, suggesting that each of the tested 
sands released silicon compounds into the water. However, it 
should be emphasized that bands characteristic of metal-O bond 
vibrations are also observed in the same range, which makes it 
difficult to unambiguously identify the elements. [28-30] The 
bands characteristic of aluminum also occur in the 700 – 800 cm-1 
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range, which overlaps with the range typical for silicon. Therefore, 
the presence of aluminum in the tested sand samples cannot be 
unequivocally confirmed. [31] However, the increased intensity of 
bands in this range for quartz, corundum, and artificial sand may 
indicate that signals originating from aluminium enhance the 
absorbance of Si–O groups. In the range of 700 – 800 cm-1 in the 
spectrum of artificial sand, vibrations originating from Ti–O 
groups are also visible, whose characteristic bands occur in the 
range of 400 – 700 cm-1, but the release of titanium into water 
cannot be clearly confirmed [32]. A similar situation applies to 
olivine, in which the main oxides are magnesium and iron oxides – 
their characteristic bands also appear in low wave number ranges, 
which makes it impossible to clearly determine their presence in 
the solution. In the case of regenerate, the presence of sulphur can 
be expected. However, the bands characteristic of S=O groups 
(1100 – 1150 cm-1) may overlap with bands originating from water, 
which, combined with the small amount of compounds released, 
makes it impossible to unequivocally confirm the presence of 
sulphur in the solution. [33] In the analysed FTIR spectrum of the 
regenerate, peaks derived from S-H groups in the range of 2300 – 
2600 cm-1 are observed, which may suggest the release of sulphur 
into water. Based on FTIR spectra of chromite sand, the release of 
chromium or aluminium cannot be confirmed, as the characteristic 
bands for these elements occur below 700 cm-1.  

The bending in the range of 2000 – 2200 cm-1, visible for quartz 
sand (2150 cm-1), corundum (2130 cm-1) and artificial sand (2180 
cm-1), may be related to the presence of metal-oxygen complexes, 
but it cannot be ruled out that these are artifacts originating from 
carbon dioxide, whose bands are observed around 2340 cm-1. [28, 
29, 34, 35] These bands are clearly visible in the FTIR spectra of 
the regenerate. It is worth noting that the FTIR spectra for the 
regenerate, chromite, and olivine are characterized by very low 
intensity, which indicates a small amount of compounds released 
into the solution. As a result, it is difficult to identify specific 
elements based on these spectra, and the observed signals may 
result from the overlap of bands originating from different 
functional groups or from water. The FTIR spectrum of zircon sand 
showed very low intensity, and after background subtraction no 
characteristic bands could be identified. 
 
 
3.3. Kinetics of molding sands hardening 
 

Figures 6–13 present the results of ultrasonic investigations of 
molding sands prepared on matrices of seven different foundry 
sands. Due to the strongly alkaline nature of olivine sand, the 
results obtained for this material were singled out and presented 
separately in Figures 11–13. 
The courses of ultrasonic wave velocity changes during the 
hardening of the molding sands, depending on the type of sand 
matrix used, are shown in Figure 6. Regardless of the type of sand 
matrix employed, two distinct stages can be identified in the 
recorded binding curves. The first stage is characterized by rapid 
increases in wave velocity during the binding process, due to the 
large number of substrates participating in the binding reaction. 
The second stage is characterized by the wave velocity approaching 
a constant value, indicating the completion of the binding process. 
 

Fig. 6. Influence of the type of sand matrix on the course of 
ultrasonic wave velocity (CL) changes during hardening 

 
When analyzing the curves of ultrasonic wave propagation 

velocity in the binding molding sand, it is important to consider the 
correlation between the measured wave velocity and the relative 
density of the sand. The higher the relative density of the molding 
sand, the higher the wave velocities obtained at the same hardener-
to-binder ratio. Another significant aspect is the relationship 
between wave propagation velocity and the mechanical strength 
properties of the molding sand. Based on the analysis of the 
obtained ultrasonic wave velocity curves, it is possible to predict 
the quality of the formed binder bridges, and consequently, the 
strength properties of the sand. The higher the final wave velocity 
achieved during propagation through the molding sand, the better 
its mechanical performance. Poor quality of the formed binder 
bridges leads to increased wave attenuation, which is recorded as a 
decrease in wave velocity [20, 22]. 

The investigations were carried out using matrices with varying 
relative densities and different shape index (Table 1). In each case, 
the molding sand in the specimen was compacted with a piston 
under a pressure of 60 kPa; therefore, the resulting relative densities 
of the molding sands were directly determined by the parameters 
of the matrices themselves (Table 2), rather than by     a variable 
compaction force. The fact that the study was conducted on sand 
matrices with multiple varying parameters (Table 1) somewhat 
complicates the analysis of the ultrasonic wave velocity curves in 
terms of predicting the strength properties of the investigated 
molding sands. However, it should be noted that the highest wave 
velocity (Table 2) was obtained for the molding sand prepared on 
a zircon sand matrix, which had the highest relative density (Table 
2) and the smallest mean grain size (Table 1). Conversely, the 
lowest velocity was observed for the sand prepared on a synthetic 
sand matrix, which had the lowest relative density (Table 2). These 
observations confirm the high sensitivity of the ultrasonic method 
to changes in the relative density of the molding sand, regardless of 
the type of matrix used. It is likely that the molding sand prepared 
on the zircon sand matrix exhibited superior mechanical strength 
properties compared to the sand prepared on the synthetic sand 
matrix. This is directly related to its relative density as well as to 
the size and shape of the grains of the matrix itself - smaller grains 
with a more spherical shape allow the binder to more effectively 
envelop them and, with appropriate curing of the bonds, form 
higher-quality binder bridges. Therefore, although the molding 
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sand based on a corundum sand matrix had a higher bulk density 
than the sands prepared on reclaimed quartz and quartz sand 
matrices (Table 2), lower ultrasonic wave velocity values were 
recorded for it. This is directly related to its low relative density 
and the shape of the matrix grains. Corundum sand, like synthetic 
sand, is characterized by angular grains; consequently, the binder 
cannot fully surround them to form high-quality bridges, which 
directly results in inferior mechanical properties of the molding 
sand. The binder bridges formed in the molding sands based on 
corundum and synthetic sand matrices are localized and do not 
adhere to the grains as closely as, for example, the bridges in 
molding sands based on quartz sand (Fig. 14). The poorer quality 
of intergranular connections in the corundum-based molding sand, 
combined with its low relative density, causes increased ultrasonic 
wave attenuation in the molding sand and the recording of lower 
wave velocity values (Fig. 6, Table 2). 
 

Fig. 7. Influence of the type of sand matrix on the hardening 
kinetics (dCL/dt) 

 
The ultrasonic technique constitutes an indirect method that 

enables the recording of changes in reagent concentration during 
the hardening process. The kinetics of the molding sand binding 
process can be determined based on the first derivative of the 
ultrasonic wave velocity with respect to time (Fig. 7), as well as the 
first derivative of the degree of hardening with respect to time (Fig. 
8). Regardless of the method employed, the obtained curves allow 
for the analysis of the binding rate of the investigated molding sand 
and the determination of its working life.  

In the ultrasonic method, the bench life of the molding sand is 
defined as the time elapsed from the moment all components of the 
molding sand are mixed together until the point at which the 
maximum rate of the binding reaction is reached [22]. 

Figures 7 and 8 illustrate the influence of the type of sand 
matrix on the rate of the molding sand binding process.  

The analysis of the obtained results indicates that the highest 
increase in the hardening reaction rate is observed for the molding 
sand prepared on a reclaimed quartz sand matrix. This molding 
sand also exhibits the shortest bench life among the tested samples 
- approximately 7 minutes (Table 2). The presence of acidic 
compounds (Fig. 5), resulting from the partial thermal 
decomposition and oxidation of synthetic resins (carboxylic acids - 
HCOOH, HC₃COOH) as well as from residual acids from the 
catalyst that did not react during binding (trace amounts of H₂SO₄) 

and located on the grain coating of the sand matrix after the 
regeneration process, serves as an additional source of acidic 
catalyst, enhancing the effect of the hardener added to the molding 
sand. The reclaimed quartz sand acts as a surface activator, which, 
due to the higher concentration of protons originating from sulfonic 
(–SO₃H) and carboxylic (–COOH) groups, creating a stable acidic 
environment in the reclaimed quartz sand (pH ≈ 2–3, Fig. 4), 
initiates the resin polycondensation reaction more rapidly. This 
directly contributes to a more intensive binding reaction and a 
shortened bench life of the molding sand (Figures 7 and 8) [7]. 
 

Fig. 8. Influence of the type of sand matrix on the hardening 
kinetics (dSx/dt) 

 
The rate of the binding reaction in the molding sand prepared 

on a zircon sand matrix is lower than that of the molding sand based 
on reclaimed quartz sand (Fig. 7 and 8). This molding sand also 
exhibits a slightly longer bench life, approximately 9 minutes 
(Table 2). The slower hardening rate of the zircon-based sand is 
attributed to the chemical inertness (Fig. 4) of the zircon grain 
surfaces (ZrSiO₄). Zircon sand possesses a low number of hydroxyl 
groups (–OH) and a limited capacity to adsorb H⁺ ions from the 
catalyst. The reduced number of protons on the surfaces of zircon 
grains leads to slower initiation of the resin polycondensation 
reaction, which proceeds in a more “bulk” rather than surface-
oriented manner. The hardening of furfuryl resin occurs via 
protonation of the furfuryl ring, followed by its opening and the 
formation of methyl and dimethyl bridges. Weakly acidic surfaces 
do not facilitate this process. Furthermore, zircon sand has a higher 
thermal conductivity than reclaimed quartz sand, resulting in a 
lower local temperature during the exothermic binding reaction, 
which further slows the hardening kinetics [7]. 

The binding process of the molding sand prepared on a zircon 
sand matrix proceeds faster than that of the molding sand based on 
quartz sand (Fig. 7 and 8) because ZrSiO₄ is chemically much more 
inert than SiO₂. Zircon sand has a more stable crystalline structure 
with strong Zr–O bonds and significantly fewer reactive surface 
groups (–OH) than quartz sand, which contains numerous silanol 
groups (–Si–OH). Consequently, the zircon grains do not neutralize 
the acidic hardener, which remains fully active and initiates the 
polycondensation of furfuryl resin more rapidly. Additionally, 
ZrSiO₄ is practically resistant to hydrolysis and exhibits low 
moisture adsorption, which stabilizes the reaction conditions. 
Furthermore, zircon sand generally has better grain shape 
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uniformity, fewer fine fractions and impurities, and a lower specific 
surface area, meaning it has fewer sites that can potentially react 
with the catalyst, lower resin demand, and allows for faster and 
more uniform crosslinking. As a result, the molding sand prepared 
on a zircon sand matrix hardens more rapidly than sand prepared 
on the more reactive and surface-active quartz sand [7, 36–39]. 

The binding process of the molding sand prepared on a 
chromite sand matrix proceeds more slowly than that of the sand 
based on zircon sand (Fig. 7 and 8). The bench life of the molding 
sand is noticeably longer, approximately 27 minutes (Table 2). The 
primary reason for the slower hardening of chromite-based sand is 
that this sand (FeCr₂O₄) has a more reactive surface than zircon 
sand (ZrSiO₄). As a spinel-type iron and chromium oxide, it 
contains Fe²⁺/Fe³⁺ and Cr³⁺ ions within its structure, which provide 
active ionic centers on the grain surfaces, a higher number of 
groups capable of reacting with protons, and the potential for 
surface complexation with anions. As a result, part of the acidic 
hardener is adsorbed or neutralized on the grain surfaces, reducing 
the effective concentration of the catalyst in the sand and slowing 
the resin polycondensation rate. Additionally, chromite sand 
adsorbs more moisture than zircon sand. The presence of moisture 
in the molding sand hinders the free progression of resin 
polycondensation, consequently leading to a further slowdown of 
the binding reaction [7, 36–39]. 

Although chromite sand is more reactive than zircon sand, it is 
less reactive than quartz sand; therefore, the binding process of 
molding sand prepared on a chromite sand matrix proceeds faster 
than that of sand based on quartz sand (Figures 7 and 8). The 
surface of chromite sand grains contains fewer –OH groups than 
quartz sand grains (–Si–OH) and reacts less with the protons of the 
hardener. Consequently, more active acidic catalyst remains in the 
molding sand, and the resin polycondensation reaction proceeds 
more rapidly. Furthermore, chromite sand adsorbs less moisture 
than quartz sand, maintaining drier reaction conditions and 
providing greater stabilization of the process due to reduced acid 
neutralization by water. In addition, chromite sand has a lower 
effective specific surface area, which reduces the adsorption of the 
acidic hardener on the grain surfaces. This results in greater 
availability of the catalyst and faster resin polycondensation [7, 36–
39]. 

The binding process of the molding sand prepared on a 
synthetic sand matrix proceeds with lower intensity than that of the 
molding sand based on chromite sand (Fig. 7 and 8), however, the 
bench lives of both molding sands are comparable. The bench life 
of the molding sand prepared on the synthetic sand matrix is 
approximately 27 minutes (Table 2). 

The synthetic sand used is an aluminosilicate produced under 
controlled conditions. The absence (or significantly lower content) 
of soluble metal oxides (Fe, Cr, etc.), which are present in chromite 
sand and can act as local catalytic centers or assist in the hardening 
of furfuryl resin, results in a milder binding process. Chromite sand 
contains metal oxides and ions that more readily interact with the 
reagents (catalysts/resin), which can accelerate polycondensation 
and lead to a more “vigorous” binding reaction [7, 36–39]. 

The synthetic sand likely has a more inert surface, resulting in 
a milder binding reaction. Another factor contributing to the slower 
hardening of the molding sand on a synthetic sand matrix may be 
its low content of fine fractions (< 0.09 mm). Fine particles increase 
the total contact surface and the number of adsorption sites for the 
acidic catalyst. The manufacturer states that the synthetic sand is 
designed for use “with all resins” and possesses consistent, 
predictable properties. This promotes a reproducible and 
predictable - hence less vigorous - progression of resin 
polycondensation compared to chromite sand, which exhibits 
variable characteristics [7, 40]. 

The molding sand prepared on a synthetic sand matrix hardens 
faster than the molding sand based on quartz sand (Fig. 7 and 8). 
Synthetic sand, being an aluminosilicate, likely has a more active 
grain surface than quartz sand, containing Al–O groups, which 
enhance the effectiveness of the acidic catalyst. Moreover, the 
mean grain size of the synthetic sand matrix is slightly larger than 
that of the quartz sand-based molding sand (Table 1), while the 
relative density of the molding sand is lower (Table 2). It is likely 
that the molding sand prepared on the synthetic sand matrix 
exhibited higher permeability, facilitating vapor exchange from the 
molding sand to the surroundings, and influencing its binding rate 
(Fig. 7 and 8) [40]. 
 

 
Table 2. 
Characteristic of self-setting molding sands 

 
Type of molding sand 

Quartz  
sand 

Reclaimed quartz 
sand 

Zirconia  
sand 

Chromite  
sand 

Corundum  
sand 

Synthetic  
sand 

Apparent 
density  

ρ0 [g/cm3] 
1.61 1.52 2.95 2.77 1.88 1.40 

Relative 
density 0.61 0.57 0.64 0.62 0.51 0.51 

CL (max) 
[m/s] 2433.09 2147.13 2777.87 2491.59 2128.49 1333.33 

Bench life 
[min] 32 7 9 27 44 27 

Sx = 60 % 
[min] 338 35 92 118 383 161 
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The binding process of the molding sand prepared on a quartz 
sand matrix proceeds gently, with a maximum reaction rate 
increase of approximately 1 %/min (Fig. 8), while the bench life of 
the molding sand is around 32 minutes (Table 2). The mild 
progression of the binding reaction of quartz-based molding sand 
is determined by the adsorption or partial neutralization of the 
catalyst by the grain surfaces. Quartz sand grains contain a large 
number of silanol groups (–Si–OH) (Fig. 5). These groups are 
capable of adsorbing the acidic hardener, which effectively means 
that part of the acid is “bound” by the sand surface and does not 
immediately participate in the resin polycondensation reaction. As 
a result, the initial binding rate is somewhat slower than it would 
be if the acid remained fully active. Zircon, chromite, synthetic, or 
reclaimed quartz sands contain fewer active surface groups capable 
of adsorbing the acid. In these sands, the acid within the catalyst 
remains fully active, leading to a faster initiation of resin 
polycondensation and a shorter hardening time under similar 
temperature conditions and at the same binder and catalyst content 
(Fig. 7 and 8) [7, 36–39]. 

The last molding sand examined, for which the binding process 
results are presented in Figures 7 and 8, is the molding sand 
prepared on a corundum sand matrix. The binding process of the 
corundum-based molding sand exhibits the mildest course, with a 
maximum reaction rate increase of 0.7 %/min (Fig. 8). The bench 
life of the molding sand is the longest among the samples studied, 
approximately 44 minutes (Table 2). Corundum sand is composed 
of aluminum oxide (Al₂O₃) with a very stable and dense crystalline 
lattice. The surface of corundum sand grains is practically 
chemically inert. Unlike quartz sand, it does not possess –Si–OH 
groups that could partially adsorb the acid present in the catalyst, 
and it also lacks transition metal ions (such as Fe²⁺ in chromite 
sand) that could accelerate the reaction. As a result, the absence of 
surface interactions means that the resin polycondensation reaction 
is initiated solely by the dissolved catalyst and resin molecules, 
without any “accelerating stimuli.” The very low surface activity 
of corundum sand causes the catalyst to remain “immobile” on the 
surface, while also not being locally concentrated in any way. 
Consequently, the resin polycondensation reaction proceeds 
uniformly, slowly, and gently, without sudden “bursts.” 
Furthermore, corundum sand is highly thermally stable and 
insulating, so the exothermic resin polycondensation process is 
neither enhanced nor locally accelerated. Additionally, the angular 
shape of the matrix grains hinders the uniform distribution of both 
the hardener and the binder across the grain surfaces. As a result, 
the molding sand with organic binder prepared on a corundum sand 
matrix hardens the slowest, and the binding process itself exhibits 
the mildest course (Fig. 7 and 8) [7, 36–39]. 
 

Fig. 9. Influence of the type of sand matrix on the course of 
changes in the degree of hardening (Sx) during the bonding 

process 
 

Figure 9 illustrates the influence of the type of sand matrix on 
the progression of the degree of hardening of molding sand with an 
organic binder. Based on the obtained curves of the hardening 
degree, it is possible to determine key parameters of the molding 
sand, such as the initial hardening time, after which the model can 
be safely removed from the mold without risk of damage (Sx = 60–
70 %), and the time for complete hardening, after which the mold 
can be safely poured with molten metal (Sx should be at least 90 %) 
[20, 22]. 

Table 2 presents the initial hardening times (Sx = 60 %) of 
molding sands with an organic binder, depending on the type of 
sand matrix used. The shortest initial hardening time was recorded 
for the molding sand prepared on a reclaimed quartz sand matrix - 
approximately 35 minutes - while the longest was observed for the 
molding sand based on a corundum sand matrix, approximately 383 
minutes. For the molding sand prepared on a quartz sand matrix, 
the initial hardening time was about 338 minutes. 

After 24 hours of monitoring the hardening process, the 
investigated molding sands reached a degree of hardening ranging 
from 76 % for the molding sand based on quartz sand to 
approximately 84 % for the molding sand prepared on a synthetic 
sand matrix. These levels of hardening are not sufficient to allow 
mold pouring with molten metal. However, when interpreting these 
results, it should be taken into account that the experiments were 
conducted in a test specimen, where the conditions throughout the 
measurement corresponded to those directly adjacent to the model, 
limiting vapor exchange from the molding sand to the 
surroundings. After 24 hours of monitoring the binding process, a 
continuous increase in the degree of hardening was observed, 
indicating that the binding process was still ongoing (Fig. 9). Under 
industrial conditions, the mold would be disassembled to remove 
the model, facilitating the removal of vapors from the central parts 
of the mold. Consequently, molds prepared with the investigated 
molding sands (Fig. 9) could be safely poured with molten metal 
24 hours after preparation. 
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Fig. 10. Influence of the sand matrix pH on the bench life of self-

setting molding sands with an organic binder  
(σy = 12.88; σe = 7.61) 

 
Based on the conducted studies, the influence of the pH of the 

sand matrix on the working life of self-setting molding sands with 
an organic binder was determined. Analysis of the data presented 
in Figure 10 indicates a general trend of increasing molding sand 
bench life with rising pH of the applied matrix. However, a detailed 
consideration of this relationship requires taking into account the 
compositions of the sand matrices themselves (Table 3), which 
determine the resulting pH value and the behavior of individual 
compounds with respect to the acidic hardener (Table 4). Equally 
important are the size and shape of the individual matrix grains, 
which affect the ability to uniformly distribute the acidic hardener 

and resin across the surfaces, as well as the presence of fine 
fractions and various types of impurities. For this reason, the bench 
life of the molding sand prepared on a zircon sand matrix, despite 
a pH of 6.89, was only 9 minutes, whereas for the molding sand 
based on quartz sand (pH = 6.24) it was 32 minutes. Zircon sand 
contains compounds that have a neutral effect on the resulting pH 
while exhibiting no activity toward the acidic hardener (Tables 3 
and 4), and the grain size of the matrix is relatively small (Table 1). 
In contrast, quartz sand contains CaO, K₂O and Na2O, which 
neutralizes the effect of the acidic catalyst (Tables 3 and 4). The 
presence of basic compounds, combined with the larger grain size 
of the quartz sand matrix (Table 1), as well as the presence of 
silanol groups on the grain surfaces, which are capable of adsorbing 
the acidic hardener, results in an extended binding time and an 
increase in the bench life of the molding sand. 

It should be noted, however, that the pH index reflects only the 
content of water-soluble acidic and basic substances. Foundry 
sands also contain water-insoluble acid–base compounds, such as 
magnesium carbonate (MgCO3) or calcium carbonate (CaCO₃), 
which reacts with the acidic catalyst to form calcium salts, CO, and 
water. Therefore, relying solely on the pH index when attempting 
to assess the bench life of a molding sand may lead to certain 
inaccuracies, as illustrated in Figure 10. A more precise analysis 
should employ the Acid Demand Value (ADV), which accounts for 
the presence of impurities in the examined sand that are insoluble 
in water yet react with the acidic catalyst [41]. 

 
Table 3. 
Sample composition of foundry sands [7, 40, 42-45] 

  
Type of foundry sand 

Quartz sand Zirconia  
sand 

Chromite  
sand 

Corundum  
sand 

Olivine 
 sand Synthetic sand 

Content 
[%] 

SiO2 97.60 31.60-32.60 0.25-1.00 0.03-0.15 41.70 52.10-55.60 

ZrO2+HfO2  63.06-65.5     

Cr2O3   min. 46.00  0.31  

Al2O3 1.00 0.70-3.00 15.00-16.00 99.00 0.46 min. 41.00 

MgO   9.00-11.00  49.60  

Fe2O3 0.15 0.05-0.11 25.00-29.50 0.02-0.08 7.40 max. 1.50 
CaCO3 0.20      

K2O 0.50      
TiO2  0.26-0.85    1.40-1.70 
NiO     0.32  

MnO     0.09  
CaO 0.20  max. 0.15    
Na2O 0.25   0.10-0.30   
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Table 4.   
pH in water of oxides/carbonates present in foundry sands and their reaction in the presence of an acidic hardener [36-39] 

Oxide / Carbonate Solubility / Reaction in water pH in water Effect on pH 
in water 

Chemical 
character 

Behavior with acidic 
hardener 

SiO2 
very slightly soluble, does not 

react in normal water 

practically 
neutral, 

chemically 
acidic oxide 

no significant 
effect/ lightly 

acidic 
acidic minimal effect on curing; 

possible partial adsorption 

ZrO2+HfO2 insoluble in water neutral no effect amphoteric insoluble; no effect on 
polycondensation 

Cr2O3 

insoluble in water, amphoteric 
(reacts only with acids or strong 

bases) 

practically 
neutral no effect amphoteric practically insoluble; 

negligible effect 

Al2O3 insoluble in water, amphoteric practically 
neutral no effect amphoteric insoluble; minimal effect 

MgO reacts with water forming 
Mg(OH)₂ slightly basic increases pH basic neutralizes some acid → 

slows curing 

Fe2O3 insoluble in water neutral minimal 
effect amphoteric no significant effect; 

possible partial adsorption 

CaCO3 

practically insoluble in water; 
no reaction with pure water, 

slightly soluble in the presence 
of CO₂ forming Ca(HCO3)2 

slightly basic 
(pH of the 
aqueous 

suspension) 

slightly 
increases pH 

basic (salt 
of a weak 
acid and a 

strong base) 

reacts with acids with CO 
evolution, forming soluble 

calcium salts and H2O 

K2O reacts with water forming KOH strongly basic increases pH basic neutralizes acid → slows 
curing 

TiO2 insoluble in water neutral no significant 
effect amphoteric minimal effect 

NiO 

practically insoluble in water at 
room temperature, it can react 

slightly with water to form 
Ni(OH)₂ 

slightly basic slight 
increase basic neutralizes acid → slows 

curing 

MnO 

practically insoluble in water at 
room temperature, it can react 

slightly with water to form 
Mn(OH)₂ 

slightly basic increases pH basic neutralizes acid → slows 
curing 

CaO reacts with water forming 
Ca(OH)₂ strongly basic increases pH basic neutralizes acid → slows 

curing 

Na2O reacts with water forming 
NaOH strongly basic increases pH basic neutralizes acid → 

significantly slows curing 
 

 
Fig. 11. Effect of the hardener-to-resin ratio (H/R) on the course 

of ultrasonic wave velocity (CL) changes in the olivine-based 
molding sand 

Figures 11–13 present the results of tests performed on 
organically bonded self-setting molding sands prepared using an 
olivine sand matrix, with varying hardener-to-resin ratios. Olivine 
sand ((Mg,Fe)₂SiO₄) is considered incompatible with self-setting 
systems based on organic binders, particularly when standard 
hardener proportions are used. This is due to the presence of 
alkaline-earth metal ions (Mg²⁺, Fe²⁺) (Fig. 5), which adsorb the 
acidic catalyst, resulting in partial or complete neutralization of the 
hardener. Consequently, the initiation of resin polycondensation is 
significantly slowed or even prevented at standard hardener levels. 
For research purposes, however, it was decided to determine the 
hardener and resin contents at which the curing process of the 
olivine-based molding sand could be successfully recorded [7, 36–
39]. 

Olivine sands often contain a high proportion of fine particles 
(< 0.1 mm) and dust, which adsorb the acidic catalyst and reduce 
its effective availability within the molding sand. Moreover, olivine 
sand typically exhibits an irregular, angular grain morphology and 
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a relatively high relative density in the loose state (Table 1). These 
factors may impede the diffusion of the acidic hardener throughout 
the molding sand and lead to non-uniform curing, which is 
particularly disadvantageous when standard hardener-to-resin 
ratios are applied [7]. 

Figure 11 illustrates the effect of the hardener-to-resin ratio on 
the course of ultrasonic wave velocity changes in the molding sand 
prepared on an olivine sand matrix. As the content of both the 
hardener and the resin increases, progressively higher wave 
propagation velocities are recorded. This indicates that the molding 
sand develops increasingly better strength properties. However, the 
molding sands labelled 1-3 (Fig. 11) do not exhibit the 
characteristic ultrasonic velocity profile typically observed during 
curing - namely, an initial stage with intensive increases in wave 
velocity followed by a second stage in which the curing process 
stabilizes. An insufficient amount of hardener in the molding sand 
was unable to “overcome” the neutralizing effect of the olivine 
sand grain surfaces. Consequently, these molding sands did not 
cure, and during the attempt to remove the specimen from the 
tester, they disintegrated. The only olivine-based molding sand for 
which a characteristic ultrasonic wave velocity profile could be 
recorded was mixture number 4 (Fig. 11), containing 2.5 p.p.w. of 
hardener and 1.5 p.p.w. of resin. Unlike the remaining molding 
sand, this one did not undergo destruction upon removal from the 
test specimen holder. It should be noted, however, that despite the 
increased content of both hardener and resin - where the latter 
would normally enhance the mechanical performance of the 
molding sand - the recorded ultrasonic wave velocity remained 
relatively low. This likely indicates that the molding sand 
developed only modest strength, which additionally may be 
attributed to its high porosity (low relative density). 
 

Fig. 12. Effect of the H/R ratio on the hardening kinetics (dSx/dt) 
of the olivine-based molding sand 

 
A molding sand based on olivine, even when it eventually 

cures, will be weaker and more brittle than, for example, a quartz-
sand-based molding sand cured under standard proportions. Excess 
acid disturbs the resin’s crosslinking structure, leading to regions 
that are either insufficiently crosslinked or excessively crosslinked. 
Moreover, an overabundance of acidic hardener may also induce 
partial acid-catalyzed degradation of the resin. 

Figure 12 presents the effect of the hardener-to-resin ratio on 
the curing kinetics of the molding sand prepared on an olivine sand 
matrix. The hardening process of mixture number 4 is 
exceptionally intense, with a maximum reaction rate of 
approximately 4.5 %/min and a bench life of only about 6 minutes. 
This behavior results from exceeding the threshold of 
neutralization of the acidic hardener. Neutralization continues only 
until the olivine sand grain surfaces become “saturated” with acid. 
Beyond this point, the initially mild reaction transforms into a very 
rapid and highly exothermic process. As a consequence, the 
molding sand undergoes extremely fast, difficult-to-control 
hardening, leading to localized zones of intensive resin 
polycondensation and an increased risk of overheating. These 
phenomena can result in heterogeneous mechanical properties of 
the cured molding sand. Furthermore, increasing the dose of the 
acidic hardener drastically shortens the bench life of the molding 
sand, potentially preventing the successful production of complex 
molds or cores. 
 

Fig. 13. Effect of the H/R ratio on the course of changes in the 
degree of hardening (Sx) of the olivine-based molding sand 

 
The initial hardening time of molding sand number 4 prepared 

on an olivine sand matrix (Fig. 13) is approximately 720 minutes, 
and after 24 hours of monitoring the hardening process, the 
molding sand reaches a degree of hardening of about 68 %.  
It should be noted, however, that the experiments conducted on the 
olivine-based molding sand had only an exploratory character. An 
excess of acidic hardener in the molding sand causes a range of 
foundry-related issues gas evolution increases, the risk of burns, 
sintering, and excessive resin consumption rises, which in turn 
leads to a higher content of resin degradation products that 
deteriorate casting quality. Consequently, olivine sand is 
considered incompatible with systems based on organic binders, 
and “rescuing” the molding sand by increasing the acidic hardener 
content results in destabilization of the entire system [7]. 
 
 
3.4. Observation of bonding bridges 
 

Figure 14 shows microscopic images of the tested molding 
compounds. 
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Fig. 14. Microscopic analysis of bonding bridges 

 
Quartz sand and reclaimed quartz sand molding compounds 

indicate the highest number of binding bridges between the matrix 
grains, referring to the data presented in Table 1. The shape of the 
grains is oval, which will have a positive effect on the strength 
properties of the tested molding compounds. The bridges shown for 
quartz sand and reclaimed quartz sand are associated with good 
surrounding by the matrix grain binding system.  

Chromite sand, it can be seen that the shape of the grains 
(spherical) defines the nature of the connecting bridges, which is 
more point-like than surface-like. The grains of the matrix are 
usually connected in one place.  

In the case of zircon sand, the most distinct bridges between the 
matrix grains can be observed. The binder used forms extensive 
bonding bridges, which can have a positive effect on the strength 
properties of molding compounds and good surface quality. 
However, when pouring liquid metal into the mold, this can cause 
higher local gas generation, which can contribute to the formation 
of gas-related defects.  

The molding sand made on a corundum sand matrix is 
characterized by sharp-edged grains, and the binding bridges are 
point-like, similar to the molding sand made on a chromite sand 
matrix.  

An analysis of the binder bridges in the olivine sand-based 
molding sand shows that the matrix grains are well surrounded by 
the binder material (due to the increased amount of binder in the 
molding sand) and that there are surface binder bridges, which may 
have a positive effect on the properties of the tested sand.  

The molding sand made on the basis of artificial sand exhibits 
the properties of binding bridges as in the case of sands made on a 
quartz matrix. The binding bridges are surface-based and clearly 
marked.  
 
 

4. Conclusions 
 

Based on the research, the following conclusions were drawn: 

1. The modified method for determining the pH value of the 
sand matrix proposed by the authors, based on the BN-
81/4021-02 standard, is characterized by high repeatability of 
the obtained results and excellent measurement stability - the 
order of magnitude of the standard deviation from the median 
is, on average, 0.01. 

2. Among the key factors influencing the course of the binding 
process in self-setting molding sands with an organic binder 
are: the type and amount of binder and hardener used, the 
temperature of the individual molding sand components and 
the surrounding environment, the type of sand matrix 
applied, as well as the size and shape of the sand matrix 
grains. 

3. The surface activity of sand matrix grains in relation to the 
acidic hardener is one of the factors determining the progress 
of the molding sand binding process. 

4. Acidic compounds present on the grain surfaces of the matrix 
after the reclamation process constitute an additional source 
of acidic catalyst, enhancing the effect of the hardener 
introduced into the molding sand. The reclaimed quartz sand 
acts as a surface activator, initiating a more rapid progression 
of the resin polycondensation process, which consequently 
leads to a reduction in the bench life of the molding sand. 

5. The bonding process of molding sands prepared on a matrix 
whose grain surfaces are chemically inert, characterized by 
an approximately spherical grain shape and fine grain size, 
proceeds more rapidly and with greater intensity than in the 
case of molding sands based on a matrix that partially adsorb 
or neutralize the action of the acidic hardener and are 
composed of large, angular grains. 

6. With increasing pH of the sand matrix, a general trend of 
extending the bench life of the molding sand is observed. 
However, when analyzing this relationship in detail, it is 
necessary to consider the chemical composition of the sand 
matrices themselves, which determines the measured pH 
value, as well as the behavior of individual compounds in the 
presence of the acidic hardener - their surface activity and the 
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presence of dust fractions or various impurities (e.g., 
carbonates). 

Further research will include a detailed analysis of the chemical 
composition (ICP), strength tests of the proposed molding 
compounds, as well as a more detailed observation of the bonding 
bridges (SEM/EDS). In addition, tests related to the use of an 
inorganic bonding system are planned. 
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