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Abstract: Quality quartz sand is globally utilized in construction due to its availability and economic
factors, especially in the production of composite cements. Despite its positive properties, quartz
sand also has several disadvantages. The dilation of quartz sand can be technologically significant
for certain high-temperature applications. This dilation has a non-continuous character with sharp
volume change caused by the phase transformation from 3 to « SiO; at temperatures around 573 °C.
The extent of dilation depends on various factors such as compaction, grain size, the quantity of sand,
as well as the shape and character of the grain and chemical purity, particularly the SiO, content. In
this study, six types of quartz sand from different locations in Central Europe were examined, and
the influence of chemical composition and grain shape was correlated with the final dilation of these
samples. Evaluation methods included X-ray fluorescence spectroscopy (XRFS), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), differential thermal analysis (DTA),
and linear thermal expansion analysis. It was found that angular grains, despite their chemical purity,
may exhibit minimal dilation. Conversely, the least suitable combination in terms of dilation appears
to be a high SiO; content and high roundness of grains with a smooth surface.

Keywords: fine quartz sand; thermal dilatation; DTA; chemical purity; grain shape; technological
properties

1. Introduction

Quartz fine sand, known for its easy availability, properties, and cost-effectiveness,
is utilized not only in the glass, foundry, and electrical sectors but also extensively in
the construction industry [1-3]. These sands serve as a crucial component in various
construction materials, such as composite cements, concretes, and mortars, influencing
the resulting characteristics of the material. Fine quartz sands typically exhibit grain
sizes ranging from 0.02 to 0.5 mm. Finer grades of sands can effectively act as partial
substitutes for fine aggregates or cement in concrete applications [4—6]. This fineness is
the key factor allowing for the creation of smooth and compact concrete surfaces with
sufficient strength [7,8]. For example, in study [9], the authors confirmed the effect of fine
sand (granite rock stone powder was used) on the unconfined compressive strength of
cement-treated clay mixed composites, where the addition of 50-70% rock stone powder
sand led to an increase in surface area and hence higher strength compared to the control
specimen and allowed for a 28.6% reduction in the amount of cement in the mix. Generally,
used sands should also possess a suitable mineralogical composition and a minimal content
of fine particles, such as clays and dust (particles smaller than 0.02 mm) [10]. Another
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significant characteristic of quartz sands that influences the properties of the resulting
material is the shape and surface structure of the grains [11].

In some cases, fine sands can be replaced or mixed with appropriate additives or
recycled materials. This can reduce the environmental footprint while customizing the
material to specific requirements. The primary focus in such cases is on harnessing existing
sand sources, with ongoing experiments involving desert sands [12,13]. As an alterna-
tive, from a more ecological point of view instead of landfilling, various kinds of sands
sourced from the foundry industry, encompassing both pristine and recycled sands, are
also tested [14-16]. For example, in [17], the authors studied mixtures of soil and foundry
sand with the addition of cement and lime to assess their applicability as base materials
for highways. The results of the study show that the winter resistance of the foundry
sand-based samples is generally better than that of a typical reference base material and
that there will be no environmental impact (effect on groundwater quality).

In the field of construction materials, continuous research is underway to enhance
the properties of sands and their utilization in concrete. Innovations involve exploring
alternative materials and optimizing compositions to achieve optimal results. Fine sands
are a key component in structural concrete, especially where high strength or aesthetic
properties are required [18-20]. They are also used in special types of concrete, such as self-
sealing or low thermal conductivity concretes, or in concretes used for high-temperature
applications [21-23]. They significantly influence the workability of concrete and can affect
properties such as density, strength, and freeze—thaw resistance. The sands are not only
crucial in various construction materials but also in 3D-printed rock analogs and other
experimental model preparations. For those, some previous studies were suggested [24-26].

Fine sands are incorporated into construction materials with the aim of achieving the
optimal physical and mechanical properties of concrete and cement, taking into account
the specific requirements of particular applications [18,21]. The thermal expansion of sands,
especially quartz sands, is an important factor in their use in various applications such
as cement, concrete, or ceramics. Quartz sand, composed mainly of the mineral quartz
(5i0,), plays a crucial role in influencing the characteristics of the final product. Unlike
other fine aggregates, it exhibits a non-continuous thermal expansion due to multiple
changes in its crystal lattice when subjected to heat [27]. Some of these changes result in
substantial fluctuations in volume. The extent of this dilation varies based on the specific
type of quartz sand, its purity, and the morphology of its grains [28-30]. The presence of
impurities (so-called mineralizers) can significantly influence thermal expansion or reduce
the temperature of the phase transformation to cristobalite, which can occur under specific
conditions starting from around 900 °C [29]. However, technologically more significant
is the transformation from (-5i0; to «-5i0,, occurring at lower temperatures, around
573 °C, accompanied by a sharp increase in volume of up to approximately 3.9% [11]. This
transformation is reversible and is significantly affected by grain size (smaller particles
resulted in higher dilatation) and chemical composition (sample with a SiO; content higher
by 1.1% achieved 19.8% more dilatation compared with a sample with less S5iO,), as
suggested by some studies [31-33].

The thermal expansion of quartz sand becomes a critical consideration at elevated
temperatures because it can affect the overall thermal expansion of the resulting concrete
or composite cement. Despite concrete and composite cement being generally considered
materials with low thermal expansion compared to metal, they are suitable for structures
such as bridge decks and similar constructions. The thermal expansion of concrete is in the
order of tenths of millimeters per meter [34]. The thermal expansion of composite cement
and concrete plays a key role in the design and construction of buildings and technological
units, especially where they are exposed to significant temperature changes [35]. For
instance, it is used to create heat-resistant insulation materials. These materials can be
used to form thermal insulation layers or protective coatings for constructions exposed
to high temperatures. This is the case, for example, in applications such as the cement
sheath of heavy oil reservoirs subjected to hot steam injection reaching temperatures up
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to 380 °C, where there is ongoing exploration into quartz-enhanced cement [36-38]. For
example, study [36] found that the proposed cement system with SiO, particles significantly
increased the compressive strength by more than 50 MPa even under the conditions of
the seventh round of steam curing. It can also involve the use of so-called refractory
(high-temperature resistant) concretes and cements used in the construction of industrial
furnaces, waste incinerators, fireplace linings, and other structures exposed to temperatures
above 200-1000 °C. These materials must be resistant to thermal shocks and oxidation [39].
Further experimentation is being conducted in the construction industry with concretes
that can be used in solar structures. For these concretes, the ability to accumulate heat
during the day and release it at night is assumed, contributing to the energy efficiency
of buildings.

When working with sands containing quartz for the production of composite cement,
one of the key factors, besides grain size, should be the character (such as surface structure
with pores and cavities and smoothness) and shape of the grain and its chemical com-
position (oxides). Individual quartz sands differ from each other in their origin, which
then determines these grain properties and their subsequent technological parameters.
One of these technological parameters is the resulting linear thermal expansion of quartz
sands, which can be crucial when used at high temperatures. Therefore, understanding the
influence of grain character and its chemical composition on the resulting dilation can be
an important part of the decision-making process in selecting suitable raw materials, which,
especially in terms of grain shape, has not received much attention, and differences in
individual sands have been little explored so far. The aim of this experiment is to evaluate
the impact of origin and grain shape, as well as its chemical composition, on the resulting
thermal dilation. For greater variability, six high-quality quartz sands from mining sites in
Central Europe were examined.

2. Materials and Methods
2.1. Sand Samples

In the context of this experiment, natural washed quartz sands were analyzed. These
sands were obtained from 6 different mining locations in Central Europe, specifically from
the Czech Republic (designated as ST 54), Poland (designated as GL 21, BG 21, and BK 23),
and Slovakia (designated as SH 35 and SE 22). All six samples consisted of highly pure
natural washed quartz sands, characterized by a high SiO; content (all 90% SiO, and
above), representing sands of glassmaking or foundry quality also used in construction.
Washing and purification of these sands ensured the minimal presence of clay particles and
dust. Individual sand samples from different mining locations differ in their characteristic
properties (shape and grain structure), as well as in chemical composition. Within this
experiment, samples of sands with the same granulometric composition were used, with a
declared median grain size around 0.21 £ 0.02 mm.

2.2. Testing Methods

Under the conditions of this experiment, the determination of the chemical composi-
tion, particularly the actual SiO, content and impurities, was carried out through X-ray
fluorescence spectroscopy (XRFS) using the Rigaku Supermini 200 analyzer. The EasySken
method (a non-standard method) was employed for measurements, set up and calibrated
by the analyzer manufacturer. The initial state of individual samples for this measurement
involved finely grinding the samples into powder (<0.1 mm) using a laboratory mill, ho-
mogenizing them, and subsequently forming tablets by pressing with a sample-to-binder
ratio of 4:1. The binder used was Hoechst wax C. Loss on ignition (LOI) was carried
out on dried samples (at 130 °C) in preannealed crucibles in a chamber annealing oven.
The measurement temperature was set at 1000 °C and the holding time was 2 h. Three
measurements were taken for each sample.

The grain shape of all six samples of quartz sand, including visual assessments of cap-
tured impurities and the presence of inclusions, was examined using images taken with the
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Keyence VHX 6000 digital microscope at a magnification of 200x and coaxial illumination.
Images from the digital microscope were complemented by scanning electron microscopy
(SEM) measurements using the FEI QUANTA 450 FEG (FEI Czech Republic, Brno, Czech
Republic), allowing for a visual assessment of impurity quantity, including grain shape
and surface, at a magnification of 600x. The previous XRFS analysis was subsequently
complemented by point EDX analysis. For each sample, a number of images were taken
at different magnifications so that the most common grain shape and surface could be
assessed and a reference grain for point EDX could be determined. The composition was
evaluated only for pure quartz grains, not for inclusions or grains of other minerals.

Linear thermal expansion analysis was conducted using a special Al;O3; container
for powdered materials on the Netzch DIL402/C (Netzch, Selb, Germany) dilatometer.
Free-flowing samples, without any compaction, were placed into the container and gently
leveled using 3 taps with tweezers. The size of the obtained samples for measurement in
the container ranged from 10.0 £ 0.1 mm. The parameters of the measurement procedure
were as follows: the heating rate of the samples was 15 °C/min until reaching the final
temperature of 1130 °C. The measurement took place under an inert atmosphere of 6.0
Argon with a flow rate of 100 L /min.

Differential thermal analysis (DTA) was performed to precisely determine the tem-
perature of the onset of the 3-5i0; to «-5i0, phase transformation, as the measurement of
thermal expansion captures only the temperature of the change itself, not its exact begin-
ning. DTA analysis was conducted using the SETARAM Setsys 18TM (SETARAM, Caluire,
France) instrument. The temperature calibration of the instrument was performed using
the calibration material Al 5N. A sample weighing approximately 80 mg was placed in an
Al,Os5 crucible with a lid (100 pL). An isotherm was set at 20 °C (2 h), followed by heating
from 20 to 1100 °C at a rate of 10 °C/minute and cooling from 1100 to 20 °C, also at a rate
of 10 °C/min. The measurement was conducted under an inert atmosphere of 6.0 Argon.

All measurements were performed on at least 3 samples of each investigated material
in its initial state. The results were then averaged. If any values differed by more than 5%,
subsequent measurements were conducted to confirm the result.

Figure 1 provides a straightforward schematic depiction of the step-by-step process
involving individual measurements and sample production. Detailed information regarding
the specific measurements and the materials employed is outlined in the subsequent sections.

New sand
sample

SEM, EDX Dilatation

Figure 1. Illustrates the sequence of measurements in a schematic manner.

3. Results and Discussion
3.1. Chemical Composition

The chemical composition assessment, specifically the quantities of oxides, for all
types of sand was conducted using XRFS analysis. It was confirmed that in all cases, these
are highly chemically pure sands, designated as glassmaking quality sands, with a SiO,
content exceeding 90%. In quartz sands, the technologically most important content is
Si0;y, defining refractoriness; Al,O3 indicates the possible presence of clay residues, while
Fe,O3 and potential inclusions (indicated by K,O content) inversely reduce refractoriness.
In addition to the major and technologically significant oxides, sands may contain traces of
other minerals and oxides, generally in minor proportions. The comprehensive results of
the chemical composition are presented for major oxides in Table 1 and for minor oxides
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in Table 2. The difference between the results of the individual measurements did not
exceed 5%.

Table 1. Results from XRFS mineralogical analysis for 6 tested sands—major minerals and the results
of loss on ignition test.

Si02 A1203 Fe203 Ti02 Kzo ZI‘OZ CaO P205 503 LOI
Sample (Mass®%) (%)
SH 35 91.02 3.19 0.99 - 3.75 0.01 0.44 0.05 - 0.09
Sx SH 35 0.021 0.016 0.013 - 0.017 0.001 0.018 0.004 - 0.00016
ST 54 99.15 0.50 0.10 0.13 0.04 0.02 0.02 - 0.02 0.02
Sx ST 54 0.037 0.012 0.016 0.008 0.016 0.004 0.001 - 0.006 0.00034
GL 21 98.88 0.49 0.14 0.30 0.04 0.04 0.03 0.01 0.02 0.04
Sx GL 21 0.037 0.021 0.005 0.008 0.005 0.005 0.006 0.006 0.002 0.00010
BG 21 97.80 0.78 0.23 0.83 0.08 0.15 0.04 - 0.02 0.07
Sx BG 21 0.016 0.007 0.013 0.033 0.007 0.016 0.002 - 0.002 0.00003
BK 23 94.12 2.54 0.69 0.23 1.60 0.06 0.19 0.06 0.02 0.18
Sx BK 23 0.037 0.010 0.013 0.006 0.013 0.002 0.008 0.002 0.001 0.00004
SE 22 91.46 3.52 0.79 0.15 3.15 - 0.29 0.06 0.04 0.22
Sx SE 22 0.058 0.023 0.006 0.004 0.013 - 0.010 0.002 0.003 0.00014

Table 2. Results from XRFS mineralogical analysis for 6 tested sands—minor minerals.

Sample Na,O MgO MnO Rb,O SrO Cl
(Mass %)

SH 35 0.25 0.12 0.05 0.02 0.02 0.010
Sx SH 35 0.013 0.002 0.001 0.001 0.001 0.0006
ST 54

GL21 0.004
Sx GL 21 0.0002
BG 21

BK 23 0.003 0.003 0.002 0.0003
Sx BK 23

SE 22 0.18 0.08 0.02 0.02 0.007
Sx SE 22 0.003 0.002 0.002 0.002 0.0002

The highest chemical purity was achieved by sample ST 54, specifically 99.15% SiO,,
with a minimal presence of other oxides, below 0.5%. It contained no minor oxides. Sample
ST 54 was closely followed in chemical purity by sample GL 21 (0.269 mass % less SiO,
compared to ST 54) and sample BG 21 (1.35 mass % less SiO; compared to ST 54). In the
case of GL 21 and BG 21, these were samples of sand from related deposits close to each
other, where, due to the same origin of the sand, similar or nearly identical properties,
including chemical composition, were expected. However, sample BG 21 exhibited almost
double the content of Al,O3, Fe;O3, and KO, indicating a higher presence of inclusions
and clay minerals, compared to sample GL 21. In comparison with other samples, the
content of TiO; was also unusual, specifically 0.83%, approximately 3.5 times higher on
average. Samples GL 21 and BG 21 did not contain minor oxides.

On the other hand, the lowest chemical purity was observed in sample SH 35 with
a S5i0O; content of 91.024%, which is 8.13 mass % less compared to ST 54. This sample
also showed more than 3% content of Al,O3 and K;O oxides, indicating a higher level
of inclusions and clays negatively affecting the refractoriness of the sand. The content of
Fe,O3; was nine times higher than in the purest ST 54 and also compared to the other two
highly pure samples. A similar representation of individual oxides was also exhibited by
another sample labeled SE 22, which again was a sample from a related deposit of the same
origin. This sample showed a SiO, content 0.44 mass % higher than sample SH 35 and
a slightly lower content of impurities, including minor oxides. However, this difference
can be considered negligible compared to other samples. Both samples exhibited a similar
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range of minor oxides. Sample BK 23 represented an intermediate between the investigated
samples with high and low chemical purity in terms of SiO, content, which was 94.117%,
5.03 mass % less than ST 54. Major oxides were primarily represented by a higher content
of Al,O3 (2.54 mass %) and K,O (1.60 mass %). In the case of sample BK 23, as with sample
ST 54, it was not a related sample from the same locality as any other sample examined.

3.2. Shape and Character of Grains

Using the Keyence VHX 6000 (Keyence, Osaka, Japan) digital microscope, detailed
images of all sand samples were captured at a magnification of 200 (visible in Figure 2),
allowing for the observation of grain shape, surface structure, and the influence of chemical
composition on the appearance and color of the sand.

Figure 2. Photos of sand samples taken by Keyence VHX 6000 (Keyence, Osaka, Japan), 200x
magnification.

Natural quartz sands occur in nature in deposits accompanied mostly by clay miner-
als. These sands are either supplied together with some natural clay content (illites and
kaolinites) in the so-called mined state, or after extraction they are washed with water and
dried, the so-called washed sands. In this way, the individual grains are separated from
the clay. Most quartz sands in nature then contain varying amounts of SiO; in different
mineralogical forms (most quartz, lesser amounts of cristobalite, and tridymite) and other
minerals such as fayalite, spinels, feldspars, etc. Depending on the deposit and the origin of
the deposit, their content and relative proportions vary. Highly chemically pure sands after
washing (SiO, content above 90%) form only a part of European deposits. These sands
then reach the so-called glass or foundry quality.

The examined samples shown in Figure 2 are all washed sands from deposits charac-
terized by high SiO, content after washing. Nevertheless, the presence of other minerals
or contamination by residual clays or quartz grains with lower SiO, content can also be
observed according to the coloration. This is due to the formation of the deposit and
it is recognized as a “nature” of the particular sand. These less pure sands generally
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have rounder grains, as they were transported from long distances by water or air to the
present-day deposit sites (aeolian sands) at the time of formation. For this reason, they
also contain more feldspars and other minerals than the more angular, so-called marine
sands that were formed at the site of extraction. The aeolian sands then have generally
different technological properties, such as lower refractoriness due to the presence of
low-melting feldspars.

The greatest color variation, and therefore different composition, was observed in
the case of samples SH 35 (Figure 2a) and SE 22 (Figure 2f), consistent with the previous
results of XRFS analysis and their lower chemical purity. There were also visible grains of a
different character, cracked with depressions and cavities and a dull or non-transparent
surface, likely composed of inclusions. Individual grains were round to oval-shaped; in the
case of transparent grains, composed mainly of SiO,, they had a smooth surface. Another
sample with round to oval-shaped grains was sample BK 23 (Figure 2e). However, this
sample visibly contained more transparent, colorless, or slightly colored quartz grains with
a high SiO; content. The proportion of impurities was noticeably smaller, corresponding to
the previous chemical composition.

Sample ST 54 was without visible impurities (Figure 2b). The grains were clear and
angular, with sharp edges and visible fracture surfaces. The transparency of the grains
corresponds to the previously determined high SiO, content, where almost the majority
of grains were composed mainly of this oxide. Samples GL 21 (Figure 2c) and BG 21
(Figure 2d) represented an intermediate stage between sample ST 54 and rounded-grain
samples with lower purity. In both samples GL 21 and BG 21, there were occasionally
visible grains with lower chemical purity, tinted slightly pink. However, these were not
grains of visibly different composition and character (inclusions) as in the case of SH 35
and SE 22, but rather adhered impurities and contaminants, such as clay.

The detailed grain characteristics of each sample were evaluated based on images
captured with a SEM microscope at a magnification of 600 x. The focus was solely on quartz
grains, thus those with a high S5iO, content, excluding grains of other minerals, inclusions,
or impurities. Evaluation primarily considered the grain surface, erosion, the quantity of
cracks, and angularity. The point EDX composition of each reference pure grain, a centrally
displayed grain with a marked point, was subsequently assessed. The results are evident
in Figures 3 and 4. Detailed point EDX analysis results are shown in Table 3. Similar to the
Keyence images, grains of samples SH 35 (Figure 3a) and SE 22 (Figure 4d) were round
to oval in shape with rounded edges. The surface was smooth, without cracks, erosion,
or significant porosity. There were no pronounced fracture surfaces from the crushing of
sand grains. A similar character was exhibited by sample BK 23 (Figure 4e), with rather
rounded oval grains. In the EDX point analysis, these three sand samples showed a high
oxygen content compared to the other evaluated samples and the lowest Si content (Table 3).
They also demonstrated a higher amount of Al and traces of Mg, K, and Fe, indicating the
previously confirmed higher presence of other oxides besides SiO,. The presence of K and
Fe, shown in the EDX results, indicates the presence of probably residues of potassium
feldspars (orthoclase) and fayalite, which are common in quartz sands. In both cases, these
are minerals with lower refractoriness compared to quartz. Considering that the quartz
grains were examined (high Si peak), these were likely residues of clay (Al peak) or dust
remnants from the crushing of softer inclusions (Mg and K peaks).

In the case of samples GL 21 (Figure 3c) and BG 21 (Figure 4d), the larger grains were
oval to slightly angular with rounded edges. The surface was mostly smooth, occasionally
with shallow cracks or minor erosion. Smaller grains already showed signs of fractures,
sharp unpolished edges, deeper cracks, or surface fissures, indicating grain crushing.
Erosion was particularly evident in the porous structure of some grains. The Si and
O content was high for both samples according to point EDX (Table 3). Additionally,
trace amounts of Al were noticeable, likely from impurities adhering to the surface of
the quartz sand grain. Sample ST 54 (Figure 3b) was characterized by its most angular
grain shape among all six examined samples. The grain surface was very rugged, rimosed
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with pronounced cracks and fissures. The grains had sharp edges and distinct fracture
surfaces. Some areas exhibited a porous character. EDX confirmed a high content of Si
and O, consistent with the previously confirmed chemical composition with a high SiO,
content. The Si content (Table 3) there is the highest from all tested sands, namely 46.45%.
Furthermore, the grain showed a slightly higher content of Al compared to samples GL 21
and BG 21. This could be attributed to captured particles on an otherwise highly cracked
grain surface.

Based on the grain shape, samples SH 35, BK 23, and SE 22 are classified as aeolian
sands, which were transported to the mining site by wind or water, i.e., allochthonous
in origin. This transport caused the abrasion of grain edges and their rounded shape.
From a technological perspective, aeolian sands exhibit a smaller surface area compared to
angular sands. The rounded shape and smooth surface directly affect the fluid absorption
by the grains (e.g., water), which is lower, or the amount of material (e.g., binder) needed
to coat the grain surface. Rounded sands with a smooth surface can also contribute to
higher strengths in mixtures, considering the results of studies evaluating the impact of
grain shape on the strengths of cured organic or inorganic molding mixtures for foundry
purposes, where these sands are also used [40,41]. On the contrary, angular grains with
sharp edges (ST 54) or rounded edges (GL 21 and BG 21) result from sand extraction directly
at the source. These sands were not transported but formed by the erosion of original rocks
or sediment beds. Angular sands are characterized by their large surface area compared to
rounded aeolian sands, due to their pronounced ruggedness (considering cracks, fissures,
etc.). This directly leads to the higher absorption of these grains or lower strengths of
mixtures. Conversely, during compaction, angular sands fit together much better.

Sand grain SH 35

a Sand grain ST 54 b Sand grain GL 21 C
Si si
Si
o
o
o
A
Al
L X Fe_ h; . = R
4.00 8.00 12.00 16.00| 4.00 8.00 12.00 16.00| a 8.00 12.00 16.00]

Figure 3. SEM + EDX results for sand samples: (a) SH 35, (b) ST 54, and (c) GL 21.
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Sand grain BG 21 Sand grain BK 23 [sand grain SE 22
5 d e f
| o o
si si
o
A Al
A - ) M K Fe M K Fe
| 400 800 1200  16.00| | 4.00 8.00 12.00 16.00] | 4.00 8.00 12.00 16.00
Figure 4. SEM + EDX results for sand samples: (d) BG 21, (e) BK 23, and (f) SE 22.
Table 3. Results of point EDX analysis of 6 tested sand samples.
(o) Mg Al Si K Fe
Sample (Mass %)
SH 35 52.34 0.22 1.94 43.97 1.32 0.73
Sx SH 35 5.55 0.01 1.02 3.30 0.93 0.30
ST 54 51.96 - 1.59 46.45 - -
Sx ST 54 0.95 - 1.02 1.50 - -
GL21 54.25 - 1.06 44.69 - -
Sx GL 21 291 - 0.22 2.97 - -
BG 21 54.72 - 1.06 44.23 - -
Sx BG 21 2.12 - 0.07 2.05 - -
BK 23 55.88 0.24 3.11 38.96 0.34 1.46
Sx BK 23 2.75 0.02 0.07 2.25 0.07 0.38
SE 22 57.81 0.36 3.77 36.15 0.68 1.22
Sx SE 22 222 0.22 2.15 1.76 0.61 0.92

3.3. Linear Thermal Expansion and Phase Transformation

Unlike other natural sands (such as olivine) or synthetic sands (ground chamotte or
other aluminosilicates) and recycled materials, quartz sands exhibit a non-linear expan-
sion curve due to numerous changes in the crystal lattice of the main mineral, namely
quartz. During thermal exposure, a phase transformation from (3-S5iO, to x-SiO; occurs,
accompanied by a sharp volumetric change. This specific transformation is technologically
significant as it occurs, unlike other phase transformations in quartz, at a relatively low
temperature, around 573 °C.

All samples were measured in the same manner to prevent the introduction of errors.
Table 4 provides specific results of the final expansion of the samples at a temperature
of 1130 °C. The resulting expansion curves for individual sand samples and the specific
temperature of the 3 to a SiO, phase transformation are evident from Figure 5. Because
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the phase transformation temperatures considered during the expansion assessment only
account for the temperature of the full course of the volumetric change itself, it was neces-
sary to perform DTA evaluation to determine the onset temperature of this transformation.
The results of DTA for individual samples are then mentioned in Figure 6.

Table 4. Linear thermal expansion results at 1130 °C of 6 tested sand samples.

SH 35 ST 54 GL 21 BG 21 BK 23 SE 22
dL/Lo (%) 2.65 221 2.73 2.28 2.78 2.79
B to & SiO; (°C) 576.5 574.7 576.3 573.3 579.0 579.1

314 =—=SH35
5 —ST 54
281 —aL21
254 —BG2l
BK 23
2.2 A s SE 29 576.3°C

1.9 1 §79.1°C 573.3°C

574.7°C

dL/Lo (%)
o

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)

Figure 5. Linear thermal expansion curves for all 6 tested sand samples.

The lowest expansion was achieved in the case of sample ST 54, specifically 2.21%.
This sample also exhibited the mildest volumetric change compared to other samples,
where the phase transition change was accompanied by a much more abrupt volumetric
expansion, as evident from the graph. The actual phase transition change occurred at a
temperature of 574.7 °C, the second-lowest temperature compared to other samples. On
the other hand, the highest final expansion at 1130 °C was achieved in the case of sample
SE 22, specifically 2.79%, which is 26.2% higher compared to ST 54. A related sand sample
from a nearby deposit, SH 35, showed a lower final expansion, only 2.65%. Thus, compared
to SE 22, it was 5.0% lower and 19.9% higher compared to the lowest measured expansion
in ST 54. The most abrupt phase transformation from 3 to « SiO, was recorded in sample
BK 23. The highest expansion immediately after the phase transformation achieved with
this sample was 2.97%, which is 34.4% more than ST 54, even though the final expansion at
1130 °C was only 2.78%. Sample GL 21 exhibited a final expansion of 2.73%, which is 23.5%
higher than ST 54 and 19.7% higher than its related sample BG 21, which, in turn, showed a
final expansion of only 2.28%. This was higher than ST 54 by only 3.2%. However, sample
BG 21 showed an uneven and somewhat steeper slope of the expansion curve compared
to GL 21, exhibiting a significant expansion peak. At the highest point, this peak reached
an expansion of 2.49%, and the difference between BG 21 and GL 21 was only 6.8% at this
temperature of 798 °C (GL 21 expansion at 798 °C was 2.66%).
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Figure 6. DTA results and the temperature of the beginning of the phase transformation of each
tested sand sample.

The most significant factor influencing the overall expansion rate is the grain shape.
In the case of samples SH 35, SE 22, and BK 23, they were rounded-grain sands with
a smooth grain surface, as evident from Figures 3a and 4e,f. Rounded grains interlock
well under load, forming assemblies with minimal pore content and point contact with
adjacent grains [32]. The absence of pores between grains and cracks or otherwise irregular
surfaces in samples SH 35, SE 22, and BK 23 made these samples more susceptible to higher
expansion because there was no space to compensate for grain expansion, thus preventing
a certain natural relaxation of this expansion. The resulting samples expanded more than
sands with more angular grain shapes (ST 54, as well as GL 21 and BG 21).

In the case of sample ST 54, it was the opposite extreme, i.e., sand with very angular
grains and sharp edges. Unlike spheres or rounded-grain sands, where the contact between
individual grains could only be point-like, in the case of very angular grains, SEM images
(Figure 3b) revealed both edges and entire fracture surfaces of the grain, allowing for
several touch variants. These variants included surface-to-surface, surface-to-edge, and
edge-to-edge contacts. When assembling angular grains, due to the possibilities of mutual
grain contact, there was subsequently an increase in the volume of free spaces between
grains, i.e., pores, in contrast to rounded-grain sands. This large number of free pores
allowed sample ST 54, unlike rounded-grain sands SH 35, SE 22, and BK 23, to relax thermal
grain expansion by allowing the grain to expand into these free spaces.

Samples GL 21 and BG 21, in terms of grain shape, represented an intermediate
between rounded-grain sands and angular ST 54. By nature, they were more oval with
rounded edges, as evident from SEM Figures 3c and 4d. This shape allowed grains to
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interlock better while maintaining sufficient porosity and intergranular spaces. Occasional
cracks and depressions in the grains also provided additional space for grain expansion
compensation. As a result, GL 21 and BG 21, while not achieving as low expansions as ST
54, still exhibited lower expansions compared to rounded-grain sands (SH 35, SE 22, and
BK 23).

Another significant factor influencing the extent of dilation is the chemical composition
of the sand, specifically the SiO; content. In general, a higher SiO; content in sands leads
to higher dilation, as confirmed by some studies [28,30], but also to various temperature
profiles during the phase transformation from 3 to « SiO,. From the results of the chemical
composition and their relation to the resulting dilation, it was evident that samples with a
higher chemical purity exhibited more dilation. This was particularly observed in samples
of related character and origin, considering the major influence of grain shape mentioned
above. Differential dilation was observed in samples SH 35 and SE 22, as well as GL 21 and
BG 21. In the case of rounded-grain sands, a 5.3% greater dilation was observed for the
chemically purer SE 22 (91.464% SiO;) compared to the less pure SH 35 (91.024% SiO), as
shown in Table 1. The temperature of the phase transition progression, and thus the abrupt
volumetric change, increased with increasing SiO, content (Figure 5, Table 4), as did the
temperature of the beginning of the phase change according to DTA (Figure 6). Chemically
purer SE 22 initiated the phase change at 552 °C, which was 6.0 °C higher than the less
pure SH 35 (546 °C). The abrupt volumetric change occurred for SE 22 at a temperature of
579.1 °C, which was 2.8 °C higher than for sample SH 35 (576.3 °C). This trend was repeated
in the case of oval sands GL 21 and BG 21, where chemically purer GL 21 showed an overall
19.7% greater dilation than the less pure BG 21. The temperature of the onset of the phase
transition according to DTA was 555 °C for chemically purer GL 21, which was 8.0 °C
higher than for less pure BG 21 (547 °C). The temperature of the abrupt volumetric change
for GL 21 was 576.3 °C, a whole 3.0 °C higher than for less pure BG 21 (573.3 °C). The
content of impurities, specifically feldspars, reduced dilation and the phase transformation
temperature. Feldspars are characterized by lower refractoriness and hardness on the Mohs
scale compared to quartz. The reduction in dilation and transformation temperature can
be explained by the earlier melting of these minerals, where the melt subsequently filled
intergranular spaces, releasing its original space for the dilation of the remaining more
refractory grains. Feldspar grains are also significantly softer and likely facilitated the
crushing of harder grains (5iO,) to some extent, thereby releasing space.

In the case of sample BK 23, it was a combination of rounded grains with a smooth
surface and higher chemical purity compared to samples SH 35 and SE 22. This particular
combination of grain shape, minimal presence of intergranular spaces, and expansiveness
based on SiO; content, as demonstrated in previous samples, allowed for the sand to
exhibit a much more abrupt volumetric change, with a significant dilation reaching higher
values (2.97% at a temperature of 932 °C) compared to other examined samples, specifically
34.4% higher than ST 54. Sample ST 54, despite its highest chemical purity, paradoxically
exhibited the lowest dilation. The reason was precisely the grain characteristics, where
their angularity and structure significantly reduced dilation instead.

4. Conclusions

This experiment investigated the basic characteristics of six types of quartz sands from
locations in Central Europe. The examined characteristics primarily included chemical
composition and the influence of grain character and shape, which can significantly con-
tribute to the resulting linear thermal dilation of sand and be the cause of many related
issues. Based on the conducted tests, the following were confirmed:

e Influence of grain shape: Rounded grains exhibit more dilation than angular grains
due to the better interlocking of rounded grains and a higher number of contacts,
resulting in a smaller number of intergranular pores for the grain to expand into. On
the contrary, angular grains create a larger number of intergranular spaces during
stacking, allowing for dilation relaxation.
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e It was found that the values of the resulting dilatation for oval grains are on average
higher than for square-grained sands but generally lower than for purely round-
grained sands with a smooth surface. Influence of chemical purity: Higher SiO,
content increases susceptibility to dilation and can shift the temperature of the phase
transition from 3 to « SiO; to higher temperatures.

e  The presence of impurities and feldspars reduces dilation and the temperature of phase
transitions by influencing the lower hardness and lower refractoriness of feldspars.
The formation of the melt helps relax the expansion of grains.

e  The combination of higher chemical purity and rounded grain shape with a smooth
surface achieved the highest dilation, namely 2.78%.

e  Angular quartz sand with high chemical purity achieved the lowest dilation at 2.21%,
despite having the highest SiO, content, due to the shape of its grains.

It is not entirely certain how other factors that may affect the resulting dilation of
quartz sands, such as grain size and granulometric composition, would impact the final
dilatation. This verification could be the subject of further investigation.
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