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Abstract: The pouring of sand casting is accompanied by severe heat conduction, and there is an
urgent need to investigate the pyrolysis properties of foundry sand. The main purpose of this study
was to investigate the pyrolysis behaviors of resin sand, including precoated sand (PCS), hot box
sand (HBS), and warm box sand (WBS), at heating rates of 20 ◦C/min, 30 ◦C/min, and 40 ◦C/min in
nitrogen and air atmospheres. The mass loss of the resin sand was monitored continuously with a
simultaneous thermal analyzer, and the kinetic parameters of the resin sand were calculated based
on the Coats–Redfern method and thermal data. The average mass loss of the resin sand during
pyrolysis was 3.03%, which was much smaller than that of the other sands. The volatile release
characteristic index of resin sand could not be calculated based on this concept. To solve this issue,
the term Tstv/mloss was established, and its value was determined. With increasing heating rates
from 20 ◦C/min to 30 ◦C/min and from 30 ◦C/min to 40 ◦C/min, the mass losses of the resin sand
increased by 0.79% and 0.64%, respectively, and the volatile release characteristic indices of the resin
sand increased by 3.8 × 10−10 and 1.06 × 10−9, respectively. In addition, the mass losses and volatile
release characteristic indices of resin sand in an air atmosphere were greater than those in a nitrogen
atmosphere. With increasing heating rate, the activation energy of the resin sand decreased in a
nitrogen atmosphere. The findings concerning the thermal decomposition behaviors of resin sand
provided a theoretical basis for the pouring step of the sand casting process.

Keywords: decomposition atmosphere; heating rate; resin sand; volatile release characteristic index;
activation energy

1. Introduction

Foundry manufacturing is a hot metal working process in which high-temperature
molten metal is poured into a cavity to prepare castings [1,2]. In modern society, the foundry
industry is the basis of modern machinery manufacturing and occupies an important
position in the national economy and in social development. Sand casting, which occupies
approximately 90% of the foundry industry, is the main method used for casting [3,4].
The main raw material consumed in sand casting is sand [4]. The highest demand for
sand is in the construction industry, where it is used as concrete [5–7]. The physical
properties of concrete have been studied comprehensively [8,9]. Sand casting promotes
social and economic development but is accompanied by environmental pollution [10]
and casualties [11]. Exploring the characteristics of foundry sand under high-temperature
conditions is highly important for ensuring the safe production and quality of castings in
the casting industry.

When high-temperature molten metal is poured into a cavity, the molten metal and
the casting model undergo heat conduction [12–14], which causes the temperature of the
casting model to increase rapidly. Moreover, certain materials, such as adhesives, curing
agents, and coatings, in the sand are rapidly vaporized and pyrolyzed to produce gas. Heat
conduction is a type of heat transfer that occurs within a substance or between objects with
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different temperatures in direct contact without relative displacement [15–17] and involves
the thermal movement of microscopic particles within a substance. The faster the increase
in the temperature of the casting model, the faster the vaporization and pyrolysis of these
materials in the sand. Obtaining the variation in the temperature of the casting mold during
pouring can help to gain a comprehensive understanding of the gas production of the
casting mold under high-temperature conditions.

The methods for studying the variation in the temperature of casting molds can be
categorized into experimental [11] and simulated methods [18]. With the development of
computer technology, an increasing number of scholars have utilized computer software
to simulate the complex features of the casting process [19,20]. Numerical simulation
combines theoretical research with practical application and can simulate the temperature
field, flow field, stress field, and microstructure, among other characteristics. The simulation
results at a specific position at any moment can be displayed in the postprocessing stage.
The algorithms for numerical simulation of casting mainly include the finite difference
method (FDM) [21–23], the finite element method (FEM) [24–26], and the finite volume
method (FVM) [27–29]. Different numerical algorithms have distinct discretization methods,
boundary processing methods, and computational efficiencies and accuracies. The FDM
is widely used in temperature field calculations of the casting solidification process and
numerical simulations of the mold filling process. The FEM is mainly used for stress
analysis in the casting process and for temperature and flow field analyses. Although the
software can simulate temperature variations during pouring, it cannot effectively simulate
the pyrolytsis properties of foundry sand.

During real-world production, resin sand at a gate is pyrolyzed in an air atmosphere,
and that in a cavity is thermally decomposed in a nitrogen atmosphere. From the inner
wall to the outer wall of a sand mold, the heating rate of the resin sand gradually decreases.
When the condition of the resin sand changes, its pyrolysis behavior changes. Previously,
the thermal decomposition behaviors of foundry sand for cast iron were investigated at
heating rates of 30 ◦C/min and 40 ◦C/min in a nitrogen atmosphere [30]. In another
study, the thermal decomposition characteristics of foundry sand for cast steel were further
investigated at heating rates of 20 ◦C/min, 30 ◦C/min, and 40 ◦C/min under nitrogen and
air atmospheres [4]. However, these two research groups investigated only the pyrolysis
characteristics of self-hardening resin sands and did not address other types of resin sands.

The volatile release characteristic index can be used to represent the pyrolysis reaction
in the sample [31–33]. The volatile release characteristics of various materials, such as
coal [34–36], oil [37–39], and biomass [40–42], have been widely studied. This parameter
requires a specific initial temperature for volatile emissions and a corresponding mass loss
rate of at least 0.1 mg/min [43]. In addition, the mass of the sample used for pyrolysis
experiments is usually 5 mg [44]. Therefore, the initial temperature needs a mass loss rate
of 2%/min. For foundry sand, the content of SiO2 is approximately 94.6% [4], and the mass
loss rate does not reach 2%/min. To address this issue, a new method can be adopted to
calculate the volatile release characteristic index of foundry sand.

Kinetic parameters can be adopted to represent the physical and chemical charac-
teristics of the material during heating [45–47], and these parameters can be calculated
from pyrolysis data. The methods for calculating the kinetic parameters mainly include
the distributed activation energy model (DAEM) [48–50], the Flynn–Wall–Ozawa (FWO)
method [51–53], and the Coats–Redfern method [54–56]. The kinetic parameters of self-
hardening resin sand can be calculated based on the Coats–Redfern method [4]. Different
methods have distinct applications to pyrolysis for materials with various properties, and
the change in the activation energy of the material is inconsistent with the change in the
conversion rate [57–59]. For foundry sand, the validity of the calculated results of the
kinetic parameters must be verified.

In summary, there are three highlights in this study compared with previous studies.
First, the pyrolysis behaviors of a wide range of resin sands at different heating rates under
nitrogen and air atmospheres were studied. Second, the term Tstv/mloss was established,
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and its value was determined; thus, the volatile release characteristic index of resin sand
was calculated, and its validity was tested. Third, the kinetic parameters of the resin sand
were calculated, and its validity was tested by one-way analysis of variance (ANOVA) [60].

2. Materials and Methods
2.1. Resin Sand Proportioning

The raw foundry sand used in this experiment was quartz sand, which originated
from Gongyi, Henan Province, China, with a 007 model, a melting point of 2250 ◦C, a Moh
hardness of 7.5, a density of 2.66 g/cm3, and a hydrochloric acid solubility of 3.5. Herein,
the quartz sand consisted of particles formed by the crushing and processing of quartz
stone. Quartz stone was a hard, wear-resistant, and chemically stable nonmetallic silicate
mineral. Precoated sand (PCS), hot box sand (HBS), and warm box sand (WBS), which are
commonly used, were taken as experimental objects, and their formulations are shown in
Table 1.

Table 1. Proportion of resin sand.

Resin Sand
Adhesive Curing Agent

Type Content Type Content

PCS Phenolic resin 2.5% (percentage of raw sand) Hexamethylene tetramine 15% (percentage of phenolic resin)

HBS Furan resin 2% (percentage of raw sand) Ammonium chloride 30% (percentage of furan resin)

WBS Furan resin 3% (percentage of raw sand) Copper chloride 30% (percentage of furan resin)

PCS, also known as shell (core) sand, was mixed according to standard JB/T 8583-
2008 [61]. The curing agent hexamethylene tetramine reacted with the water in the resin
sand, producing formaldehyde and ammonia during heating. The generated formaldehyde
reacted with phenolic resin, transforming the resin from a linear structure to a macro-
molecule with a three-dimensional structure. Ammonia formed an alkaline atmosphere,
which was beneficial for this reaction.

HBS was mixed according to the standard JB/T 3823-2013 [62]. The curing agent
ammonium chloride was weakly acidic after dissociation in water, and the acidity increased
when heated. In addition, ammonium chloride reacted with free formaldehyde in furan
resin to form hydrochloric acid, which accelerated the hardening of resin sand.

For WBS, the curing agent copper chloride aqueous solution was very stable at room
temperature, began to decompose from 80 ◦C to 120 ◦C, and completely decomposed above
150 ◦C. The hardened resin sand had high strength, there was no need for secondary drying,
and its hygroscopic properties were significantly improved.

2.2. Pyrolysis Experiments

An STA8000 Frontier instrument (PerkinElmer, WLM, USA) was used as a synchronous
thermal analyzer for the pyrolysis of the resin sand. The mass loss of resin sand could
be represented by the thermogravimetric (TG) curve, and the mass loss rate of resin sand
could be represented by the differential thermogravimetric curve (DTG). DTG is the first
derivative of the thermogravimetric curve.

The decomposition atmosphere of the resin sand pyrolysis experiment consisted of
nitrogen and air (oxygen:nitrogen = 1:4); the heating rates were 20 ◦C/min, 30 ◦C/min,
and 40 ◦C/min; and the temperature range was 25–1200 ◦C.

2.3. Volatile Release Characteristic Index

The volatile release characteristic index was used to represent the pyrolysis character-
istics of the resin sand, and the calculation formula was as follows [16–18]:

D =
(dw/dt)max(dw/dt)mean

TsTmax∆1/2
(1)
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where D is the volatile release characteristic index; Ts is the initial temperature of volatile
release, corresponding to the temperature at which the mass loss rate reached 0.1 mg/min,
◦C [19]; Tmax is the temperature corresponding to the maximum mass loss rate of volatiles,
◦C; (dw/dt)mean is the average mass loss rate of volatiles, %/min; (dw/dt)max is the maximum
mass loss rate of volatiles, %/min; and △1/2 is the temperature interval within the scope of
(dw/dt)/(dw/dt)max = 1/2, ◦C.

2.4. Kinetic Theory

The Coats–Redfern method is usually used to describe the thermal decomposition
of materials [28–30]. According to the Arrhenius equation and the law of conservation of
mass of materials, the kinetics theory of the reaction could be described as follows.

− ln
[
− ln(1 − α)

T2

]
=

E
RT

− ln
(

AR
βE

)
(2)

where A is the preexponential factor, min−1; E is the activation energy, kJ/mol; R is the
universal gas constant, 8.314 kJ/mol/K; T is the thermodynamic temperature, K; β is the
heating rate, K/min; and α is the mass conversion rate of the pyrolysis reaction.

α =
m0 − mt

m0 − m∞
(3)

where m0, m∞, and mt are the initial mass of the sample, the final mass of the sample, and
the mass of the sample at a specific time t, respectively.

For a given heating rate, the term—ln[−ln(1 − α)/T2] linearly varied as 1/T with a
slope of E/R, and the intercept was—ln(AR/βE). The activation energy E was calculated
with Equation (2).

3. Results

While heating resin sand, the adhesive, curing agent, and other materials are pyrolyzed
and vaporized, which reduces the resin sand mass. The volatile release characteristic index
is adopted to represent the pyrolysis behavior of the resin sand. A larger value indicates
better resin sand release characteristics and an easier pyrolysis reaction in the sample [30].
The thermal decomposition experiment investigates the physical and chemical properties of
the resin sand, and thermodynamic and kinetic principles are applied during research. The
thermal decomposition kinetic parameters include the activation energy and preexponential
factor [4]. The activation energy refers to the energy needed for molecules to move from
a normal state to an active state prone to chemical reactions. In addition, the activation
energy effectively reflects the material stability. The preexponential factor is determined
by the thermal decomposition experiment, regardless of the reaction temperature or the
substance concentration. To effectively understand the thermal decomposition results of
the resin sand, the basic properties of the raw sand were tested first, including proximate,
chemical composition, and particle diameter analyses.

3.1. Basic Properties of Raw Sand
3.1.1. Proximate Analysis

The proximate analysis of the raw sand is carried out according to the standard GB/T
30732-2014 [63]. The composition of the raw sand mainly includes ash (99.01%), volatiles
(0.87%), and moisture (0.12%). However, fixed carbon is not detected.

3.1.2. Chemical Composition Analysis

To further test the raw sand, X-ray fluorescence (XRF) analysis is performed with a
ZSX Primus II instrument (Rigaku, Japan), and the results are shown in Table 2.
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Table 2. Chemical composition of the raw sand.

Chemical
Composition Content (%) Chemical

Composition Content (%) Chemical
Composition Content (%)

SiO2 96.174 SO3 0.196 CuO 0.018
Al2O3 2.739 Fe2O3 0.127 Cr2O3 0.014
K2O 0.654 Ag2O 0.052 SrO 0.011

The results of the XRF analysis show that there are nine components of the raw sand,
among which the SiO2 content is the highest at 96.174%. Thus, SiO2 is the main component
of ash in the proximate analysis.

3.1.3. Particle Diameter Analysis

The influence of the particle diameter on the permeability of the molding sand is the
most direct. The finer the particle diameter of the raw sand is, the lower the permeability
of the molding sand. Therefore, the particle diameter of the raw sand significantly impacts
the discharge of gas generated in the cavity during molten metal pouring. A laser particle
size analyzer (model 3000; Malvern, UK) is used to determine the particle diameter of the
raw sand according to the standard GB/T 15445.2-2006 [64], and the results are shown in
Table 3.

Table 3. Results of the raw sand particle diameter.

Specific Surface Area D [3,2] D [4,3] Dv (10) Dv (50) Dv (90)

24.30 m2/kg 247 µm 291 µm 171 µm 278 µm 436 µm

D [3,2] indicates the average particle size of the surface area; D [4,3] indicates the
average volumetric particle size; Dv (10) indicates that 10% of the particle size in the sample
is less than this value; v indicates that the particle size is derived based on the volume
distribution; Dv (50) indicates that 50% of the particle size in the sample is less than this
value; and Dv (90) indicates that 90% of the particle size in the sample is less than this value.

The particle size distribution of the raw sand is shown in Figure 1.
The minimum and maximum particle sizes of the raw sand are 24.1 µm and 516 µm,

respectively. The particle size of the raw sand increases from 24.1 µm to 272 µm as the
bulk density gradually increases. When the particle size of the raw sand is 272 µm, its
bulk density is the highest (13.55%), and the bulk density curve is roughly symmetric.
The particle size of the raw sand increases from 272 µm to 516 µm as the bulk density
gradually decreases.

The minimum particle size of the raw sand is 24.1 µm, which is greater than 20 µm,
indicating that the raw sand does not contain mud.
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3.2. Pyrolysis Behavior of Resin Sand

The thermal decomposition process of the resin sand is preliminarily analyzed, the
decomposition atmosphere is set to nitrogen, the heating rate is 30 ◦C/min, and the
temperature range is 25 ◦C–1200 ◦C. The pyrolysis process is shown in Figure 2. The
thermal decomposition data of resin sand can be found in Supplementary Materials.
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Figure 2 shows that there are significant differences in the pyrolysis processes of the
three resin sands. The differences are mainly related to the pyrolysis characteristics of
each resin sand, resulting in each resin sand exhibiting different pyrolysis behaviors. The
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pyrolysis process of resin sand can be divided into three stages. In the first stage, the
PCS ranges from 25 ◦C to 400 ◦C, the HBS and WBS range from 25 ◦C to 200 ◦C, and the
dehydration reaction and volatilization of small molecular organic matter mainly occur
during this stage. Notably, at this stage, due to the influences of buoyancy and convection,
baseline drift occurs in the TG curve.

For the PCS in the first stage, depolymerization of phenolic resins produces phenol and
its methyl substituents. In addition, the crosslinking of hydroxyl and methylene functional
groups produces moisture and a small amount of CO.

In the second stage, the PCS ranges from 400 ◦C to 700 ◦C, and the HBS and WBS
range from 200 ◦C to 600 ◦C. In this stage, the three different resin sands show obvious
mass losses, and the adhesive and curing agent in the resin sand undergo drastic pyrol-
ysis while releasing volatiles. The maximum mass loss rate of the PCS is the largest at
57.08 × 10−2%/min. The maximum mass loss rates of HBS and WBS are approximately
the same at 19.25 × 10−2%/min and 21.65 × 10−2%/min, respectively.

For PCS in the second stage, both crosslinking bond breaking and benzene ring
rearrangement generate H2, CH4, CO, and H2O. The benzene ring in the phenolic resin
gradually condenses with increasing carbonization treatment temperature to form a thick
polyphenylene ring structure with a high degree of polymerization.

Furan resin undergoes complex pyrolysis and polycondensation reactions, releasing
small molecular gases, such as H2O and CO. From 150 ◦C to 370 ◦C, polycondensation
is generally accompanied by the combination and rearrangement of carbon atoms. From
370 ◦C to 570 ◦C, the intense pyrolysis of furan resin and the polycondensation reaction
begin to slow. From 570 ◦C to 740 ◦C, the pyrolysis and polycondensation reactions of
furan resin enter the final stage. The benzene ring in furan resin gradually polycondensates
with increasing carbonization temperature, forming a polybenzene thick-ring structure
with a high degree of polymerization [65].

In the third stage, the PCS ranges from 700 ◦C to 1200 ◦C, and the HBS and WBS range
from 600 ◦C to 1200 ◦C. At this stage, the remaining adhesive, curing agent, and other
materials in the resin sand continue to decompose slowly, and the quality of the resin sand
is basically unchanged. The total mass losses of PCS, HBS, and WBS are 5.45%, 2.46%, and
2.63%, respectively.

For the PCS in the third stage, the unstable aromatic carbon is converted to a relatively
stable carbon structure by a condensation reaction, releasing H2 and small amounts of CO
and moisture.

Above 740 ◦C, the molecular rearrangement and adjustment of the furan resin after
coking occur. The polybenzene thick ring formed after the coking of furan resin experiences
a microscopic transition state during the transformation to a graphite microcrystalline
structure during carbonization. The furan resin precipitates graphite microcrystals at
approximately 650 ◦C [65].

Table 1 shows that the contents of adhesive and curing agents in the WBS are the
highest. The total mass loss during pyrolysis should be the largest, which seems to be
inconsistent with the experimental results of this study. This result arises mainly due to the
different mixing processes of the resin sand.

The sand mixing process for PCS requires the raw sand to be initially heated to
130–160 ◦C [66]. Then, phenolic resin is added to mix with the raw sand, and the resin
melts and wraps around the surface of the sand grains. When the temperature of the
sand decreases to 105–110 ◦C, the curing agent hexamethylene tetramine is added, and the
mixture gradually cools.

The sand mixing process for HBS starts with mixing the raw sand with an aqueous
solution of the curing agent ammonium chloride. Then, furan resin is added and mixed.
Finally, the mixed sand is placed in the metal core box at a temperature of 200–250 ◦C [66].
When the core sand is heated, the adhesive furan resin on the surface of the sand grains
hardens in a very short period by a condensation reaction.
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The sand mixing process for WBS is similar to that for HBS; the raw sand is mixed
with an aqueous solution of the curing agent copper chloride, furan resin is added and
mixed, and the mixed sand is finally placed into the metal core box at a temperature of
150–220 ◦C [66]. The process of WBS can use the original HBS shooting machine, with-
out additional equipment investment. Conversely, the original production process can
be changed.

Greater mass loss from HBS and WBS occurs while mixing sand. Therefore, the final
mass losses of HBS and WBS in this pyrolysis experiment are not as large as that of PCS.

3.3. Thermal Decomposition of Resin Sand in Nitrogen and Air Atmospheres

The thermal decomposition behaviors of the resin sand at a heating rate of 30 ◦C/min
in nitrogen and air atmospheres are shown in Figure 3.
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Figure 3a–c show that the TG curve of resin sand pyrolysis continues to decrease with
increasing temperature. In addition, the TG curve in an air atmosphere decreases more
than that in a nitrogen atmosphere. The mass losses of PCS, HBS, and WBS in a nitrogen
atmosphere are 4.45%, 2.06, and 1.81%, respectively, while those in an air atmosphere are
5.45%, 2.46%, and 2.39%, respectively.

Figure 3d–f show that there is a peak in the mass loss of the PCS at approximately
600 ◦C. The main reason is that the adhesive in the coated sand is pyrolyzed. The phenol
hydroxyl group and methylene group form an ether bond or a C-C crosslinking bond through
a condensation reaction to release H2O molecules. However, the methylene bridge bond and
ether bond connect to the benzene ring broke to form CO, CH4, phenol, and its derivatives.
Moreover, the benzene ring substances gradually form graphitic carbon structures.
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The first mass loss peaks of HBS and WBS appear at approximately 300 ◦C in the air
atmosphere. The main reason is that in HBS and WBS, the methylene or methine bridge
connecting the furan resin chain starts to break when the temperature exceeds 250 ◦C.
Furan resin undergoes a significant ring-opening reaction between 300 ◦C and 350 ◦C. The
second peak of mass loss appears at approximately 500 ◦C. In the ring-opening reaction
of furan resin, the amount of benzene increases significantly if the temperature exceeds
400 ◦C. The intermediate products of furan resin form benzene between 460 ◦C and 650 ◦C.
In addition to benzene, the pyrolysis products of HBS and WBS include CO, CH4, H2O,
CO2, and other small gas molecules.

3.4. Thermal Decomposition of Resin Sand at Different Heating Rates

The thermal decomposition behaviors of the resin sand at heating rates of 20 ◦C/min,
30 ◦C/min, and 40 ◦C/min in an air atmosphere are shown in Figure 4.
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Figure 4a–c show that the TG curves of the resin sand continue to decrease with
increasing temperature, and the higher the heating rate is, the greater the mass loss of the
resin sand when the heating process ends. At heating rates of 20 ◦C/min, 30 ◦C/min, and
40 ◦C/min, the mass losses of PCS are 4.73%, 5.45%, and 6.95%; those of HBS are 1.6%,
2.46%, and 2.64%; and those of WBS are 1.63%, 2.39%, and 2.63%, respectively.

Figure 4d–f show that the mass loss rate of resin sand at different heating rates is
relatively complicated. The mass loss peak of PCS is largest at a heating rate of 20 ◦C/min.
The first mass loss peak of the HBS occurs at a heating rate of 20 ◦C/min. However, the
second mass loss peak occurs at a heating rate of 30 ◦C/min. The two mass loss peaks of
WBS basically increase with increasing heating rate. The main reason for this difference is
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that different types of resin sand exhibit distinct pyrolysis behaviors under various heating
rates, and the underlying reasons will be explored in future research.

3.5. Volatile Release Characteristic Index of Resin Sand

The volatile release characteristic index can be calculated based on the pyrolysis
process of resin sand. Before calculating the volatile release characteristic index of resin
sand, it is necessary to first determine the values of each parameter in Equation (1). The
initial temperature Ts of volatile release refers to the temperature at which the mass loss
rate of the sample during the pyrolysis experiment reaches 0.1 mg/min [19]. The initial
mass of the sample is generally 5 mg for pyrolysis experiments [20], suggesting that the
mass loss rate of the sample must reach 2%/min. After determining the rate of mass
loss per minute, the initial temperature Ts is independent of the sample mass during the
pyrolysis experiment. However, the maximum mass loss rate of the resin sand in this study
is less than 2%/min. It is impossible to calculate the volatile release characteristic index of
resin sand following this concept. The authors reported that Tstv/mloss is 2.86%/min based
on comprehensive research on the volatile release characteristic index of rice husks [15],
where Tstv is the threshold for determining the initial temperature Ts; specifically, this
parameter is the percentage of mass loss of the sample per minute. mloss is the mass loss of
the sample during pyrolysis. The value of Tstv is 2%/min according to Equation (1). The
threshold value of Tstv can be determined first based on the Tstv/mloss ratio and the mass
loss of the resin sand. The release characteristic index of the volatiles in the resin sand can
be determined by combining Equation (1) with the remaining parameters, as shown in
Table 4.

Table 4. Volatile release characteristics of the resin sand.

Resin
Sand Atmosphere β

(◦C/min)
Tstv

(%/min)
mloss
(%)

Ts
(◦C)

Tmax
(◦C)

(dw/dτ)max
(%/min)

(dw/dτ)mean
(%/min)

∆1/2
(◦C)

D
(%2/min2/◦C3)

PCS

Nitrogen 20 9.47 × 10−2 3.31 453 607 34.18 × 10−2 5.63 × 10−2 241 2.90 × 10−10

Nitrogen 30 12.73 × 10−2 4.45 430 605 45.58 × 10−2 11.36 × 10−2 280 7.11 × 10−10

Nitrogen 40 14.39 × 10−2 5.03 459 597 47.56 × 10−2 17.12 × 10−2 224 1.33 × 10−9

Air 20 13.53 × 10−2 4.73 452 596 73.76 × 10−2 8.05 × 10−2 233 9.46 × 10−10

Air 30 15.59 × 10−2 5.45 465 630 57.08 × 10−2 13.91 × 10−2 265 1.02 × 10−9

Air 40 19.88 × 10−2 6.95 492 591 63.06 × 10−2 23.66 × 10−2 181 2.83 × 10−9

HBS

Nitrogen 20 4.46 × 10−2 1.56 120 270 18.94 × 10−2 2.66 × 10−2 449 3.46 × 10−10

Nitrogen 30 5.89 × 10−2 2.06 314 358 7.82 × 10−2 5.26 × 10−2 88 4.16 × 10−10

Nitrogen 40 6.12 × 10−2 2.14 100 484 17.3 × 10−2 7.28 × 10−2 446 5.83 × 10−10

Air 20 4.58 × 10−2 1.6 190 260 31.75 × 10−2 2.72 × 10−2 280 6.24 × 10−10

Air 30 7.04 × 10−2 2.46 125 290 19.25 × 10−2 6.28 × 10−2 435 7.67 × 10−10

Air 40 7.55 × 10−2 2.64 210 278 11.39 × 10−2 8.99 × 10−2 152 1.15 × 10−9

WBS

Nitrogen 20 4.15 × 10−2 1.45 236 501 11.72 × 10−2 2.47 × 10−2 303 8.08 × 10−11

Nitrogen 30 5.18 × 10−2 1.81 440 499 18.68 × 10−2 4.62 × 10−2 122 3.22 × 10−10

Nitrogen 40 6.89 × 10−2 2.41 344 509 17.12 × 10−2 6.15 × 10−2 219 3.66 × 10−10

Air 20 4.66 × 10−2 1.63 405 491 13.4 × 10−2 2.77 × 10−2 141 1.32 × 10−10

Air 30 6.84 × 10−2 2.39 255 470 20.65 × 10−2 8.13 × 10−2 325 3.23 × 10−10

Air 40 7.52 × 10−2 2.63 200 515 21.65 × 10−2 8.95 × 10−2 385 4.89 × 10−10

As shown in Table 4, the volatile release characteristic index D of the resin sand
increases with increasing heating rate under both nitrogen and air atmospheres. In addition,
the volatile release characteristic index of resin sand is greater in an air atmosphere than in
a nitrogen atmosphere. This difference suggests that increasing the heating rate in the air
atmosphere is favorable for the pyrolysis of resin sand.

3.6. Kinetics Analysis of Resin Sand

By taking the term (1/T)× 103 as the independent variable and the term—ln[−ln(1 − α)/T2]
as the dependent variable, an equation can be fitted. The activation energy E and prefactor
A of the resin sand can be calculated by calculating the slope and intercept of the linear
equation, as shown in Table 5.
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Table 5. Kinetics parameters of the resin sand.

Resin Sand Atmosphere β

(◦C/min) Equation E
(KJ/mol)

A
(min−1) Pearson’s R

PCS

Nitrogen 20 y = 9.20973x + 3.34242 76.57 6.4364 0.99951
Nitrogen 30 y = 8.56259x + 4.43528 71.19 3.0097 0.99886
Nitrogen 40 y = 8.14836x + 4.55662 67.75 3.3826 0.99627

Air 20 y = 6.90464x + 6.0716 57.41 0.3151 0.99848
Air 30 y = 8.52829x + 4.34177 70.9 3.2912 0.98984
Air 40 y = 11.96321x + 0.25952 99.46 364.7619 0.99414

HBS

Nitrogen 20 y = 6.46881x + 3.47767 53.78 3.9489 0.9276
Nitrogen 30 y = 4.10173x + 8.0692 34.10 0.0381 0.98829
Nitrogen 40 y = 3.73828x + 8.49313 31.08 0.0303 0.99539

Air 20 y = 4.65897x + 5.71185 38.73 0.3046 0.85406
Air 30 y = 7.11362x + 2.55222 59.14 16.4324 0.94223
Air 40 y = 2.36259x + 10.39441 19.64 0.0029 0.98806

WBS

Nitrogen 20 y = 7.02694x + 4.53135 58.42 1.4957 0.99852
Nitrogen 30 y = 6.04784x + 6.07901 50.28 0.4109 0.98954
Nitrogen 40 y = 3.16716x + 9.52065 26.33 0.0092 0.98868

Air 20 y = 4.79026x + 6.95508 39.83 0.0904 0.95085
Air 30 y = 4.88472x + 7.31655 40.61 0.0963 0.99825
Air 40 y = 3.86463x + 9.02241 32.13 0.0184 0.99221

The fitting effect of the equation can be roughly determined by the Pearson correlation
coefficient. In Table 5, except for one fitting equation with a correlation coefficient of 0.854,
the correlation coefficients of the remaining equations all exceed 0.92, indicating that the
fitting effect of the equations is good. To strictly test the fitting effect of the equation, it is
necessary to conduct one-way ANOVA for the error source, as shown in Table 6.

By taking the results of one-way ANOVA of PCS in a nitrogen atmosphere at a
heating rate of 20 ◦C/min as an example, F0.05 (1164) = 3.84 < 16,7906, indicating that
the independent variable significantly influences the dependent variable. In addition,
p = 0 < 0.05 indicates that the independent variable significantly impacts the dependent
variable. Therefore, the independent variable of the fitting equation of the pyrolysis
kinetics parameters of PCS significantly influences the dependent variable in the nitrogen
atmosphere and at a heating rate of 20 ◦C/min, indicating that the linear fitting equation
selected is accurate and effective. Similar tests can be carried out, and the fitting equations
of the pyrolysis kinetic parameters of PCS, HBS, and WBS under other conditions are
accurate and effective.

The activation energies of PCS, HBS, and WBS decrease with increasing heating rate in
a nitrogen atmosphere, indicating that the energy required for the conversion of volatiles in
resin sand to an active state is reduced. Moreover, increasing the heating rate is conducive
to the pyrolysis of resin sand in a nitrogen atmosphere.

Overall, the activation energy of PCS is the largest in the nitrogen atmosphere, the
activation energy of WBS is the second largest, and the activation energy of HBS is the
smallest. This trend is mainly related to the sand mixing processes of the three types of
resin sand. During sand mixing, the HBS must be heated to 200–250 ◦C, the WBS must
be heated to 150–220 ◦C, and the PCS must be heated to 130–160 ◦C [66]. The higher the
temperature of resin sand heating is, the more energy it receives, and the smaller the energy
required to activate volatiles during pyrolysis; specifically, the activation energy is reduced.

The activation energy of resin sand does not regularly change with the heating rate
in an air atmosphere. The activation energy of PCS increases with increasing heating
rate, while the activation energies of HBS and WBS first increase and then decrease with
increasing heating rate. These results indicate that the pyrolysis of resin sand in an air
atmosphere is complicated, and future research must address this issue.
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Table 6. Results of one-way ANOVA.

Resin
Sand Atmosphere Heating Rate

(◦C/min) Source of Variation Degrees of
Freedom

Sum of
Squares

Mean
Square F p

PCS

Nitrogen

20
Model error 1 59.18393 59.18393 167,906.48309 0

Random error 164 0.05781 3.52 × 10−4

Total 165 59.24174

30
Model error 1 6.62679 6.62679 1341.49912 0

Random error 30 0.1482 0.00494
Total 31 6.77498

40
Model error 1 29.29323 29.29323 18,543.40404 0

Random error 139 0.21958 0.00158
Total 140 29.51281

Air

20
Model error 1 11.31318 11.31318 34,399.36928 0

Random error 105 0.03453 3.29 × 10−4

Total 106 11.34771

30
Model error 1 3.98285 3.98285 1163.29093 0

Random error 24 0.08217 0.00342
Total 25 4.06502

40
Model error 1 79.84294 79.84294 12,942.34202 0

Random error 153 0.94388 0.00617
Total 154 80.78682

HBS

Nitrogen

20
Model error 1 35.34264 35.34264 684.38759 0

Random error 111 5.73218 0.05164
Total 112 41.07482

30
Model error 1 5.0071 5.0071 3524.06109 0

Random error 84 0.11935 0.00142
Total 85 5.12645

40
Model error 1 4.80542 4.80542 11,094.87771 0

Random error 103 0.04461 4.33 × 10−4

Total 104 4.85003

Air

20
Model error 1 2.70073 2.70073 45.82843 3.27 × 10−6

Random error 17 1.00183 0.05893
Total 18 3.70256

30
Model error 1 5.25536 5.25536 126.59337 5.20 × 10−9

Random error 16 0.66422 0.04151
Total 17 5.91958

40
Model error 1 3.82119 3.82119 5346.67629 0

Random error 130 0.09291 7.15 × 10−4

Total 131 3.9141

WBS

Nitrogen

20
Model error 1 35.31583 35.31583 45,584.93196 0

Random error 135 0.10459 7.75 × 10−4

Total 136 35.42042

30
Model error 1 30.9454 30.9454 7056.08741 0

Random error 150 0.65784 0.00439
Total 151 31.60325

40
Model error 1 7.37748 7.37748 6121.59332 0

Random error 141 0.16993 0.00121
Total 142 7.5474

Air

20
Model error 1 35.82054 35.82054 1659.41313 0

Random error 176 3.79918 0.02159
Total 177 39.61973

30
Model error 1 7.95686 7.95686 9420.3247 0

Random error 33 0.02787 8.45 × 10−4

Total 34 7.98473

40
Model error 1 3.26363 3.26363 1967.6818 0

Random error 31 0.05142 0.00166
Total 32 3.31505

4. Discussion
3.7. Comparison with Previous Studies

The main component of foundry sand is ash, the contents of volatiles and moisture
are very low, and fixed carbon is not detected [4,30]. These results are consistent with those
of this study. Murthy and Rao tested the chemical components of quartz sand and found
that the content of SiO2 accounts for 96.62% of the total content [67], which is basically
consistent with our results. For foundry sand dust, the content of SiO2 is approximately
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50% [68]. Additional impurities are mixed in the foundry sand dust during the shakeout
process, which sharply decreases the SiO2 content. Only the proximate analysis of the
raw sand was carried out in Ref. [30], and proximate and chemical composition analyses
of the raw sand were carried out in Ref. [4]. In addition to the proximate and chemical
composition analyses of the raw sand, a particle diameter analysis of the raw sand was
carried out. The results showed that the raw sand does not contain mud, indicating that
the raw sand is of high quality.

The mass loss of biomass can reach approximately 75% during thermal decomposi-
tion [69–71]. The main component of resin sand is silica, which is stable in high-temperature
environments; thus, the total mass loss of resin sand is much smaller than that of biomass.
During the pyrolysis of self-hardening resin sand, the maximum mass loss is 2.24% [30],
which is basically consistent with the results of this study, indicating that the mass loss
during the pyrolysis of resin sand is very small with high-temperature stability.

The mass loss of the resin sand in the air atmosphere is greater than that in the nitrogen
atmosphere because the adhesive and curing agent in the resin sand is prone to pyrolysis
in the air atmosphere. The mass loss of self-hardening resin sand in an air atmosphere
is greater than that in a nitrogen atmosphere [30], which is consistent with the results of
this paper.

Although the mass loss of resin sand increases with increasing heating rate, the total
mass loss of resin sand during heating is still lower than that of other materials [71–73].
The main component of resin sand, silicon dioxide, has high-temperature stability, and its
mass loss is not large in a high-temperature environment. This phenomenon is conducive
to the casting process. During the thermal decomposition experiment, with increasing
heating rate, the residual mass of the resin decreases [74]. Therefore, increasing the heating
rate is conducive to the thermal decomposition of the material, which is consistent with
the results of this paper. Reportedly, by pyrolyzing self-hardening resin sand, increasing
the heating rate is prone to the pyrolysis of foundry sand [4,30]. In this study, pyrolysis
experiments of different types of resin sand at different heating rates were carried out, and
the conclusions are valuable.

The volatile release characteristic index of self-hardening resin sand in a nitrogen
atmosphere increases with increasing heating rate, and it is greater in an air atmosphere
than in a nitrogen atmosphere at a heating rate of 20 ◦C/min [4], which is consistent with
the results of this study. This study involves a comprehensive investigation of the volatile
release characteristics of resin sand through pyrolysis experiments under different heating
rates and decomposition atmosphere conditions with different types of resin sand. The
results are convincing. Compared with other materials, the volatile release characteristic
index of resin sand is very small, approximately one millionth to one-tenth that of other
materials [31–33]. Compared with other materials, resin sand is difficult to pyrolyze under
high-temperature conditions. The volatile content of resin sand is very low, and the main
component SiO2 has high-temperature stability, which is conducive to maintaining the
stability of molding sand during casting. These results are consistent with the analyses of
the TG and DTG curves of the resin sand.

The activation energy of PCS in a nitrogen atmosphere at a heating rate of 20 ◦C/min is
roughly equal to that of corncob [44] but much less than that of solid waste and lignite [75].
The average mass loss of resin sand during pyrolysis is 3.03%, while the mass loss of
biomass during pyrolysis is approximately 75% [44]. In addition, the mass loss of solid
waste can reach 90% [75]. The main component of the resin sand in this study is silica,
which has high-temperature stability. Furthermore, the volatile content is very low, and the
number of volatiles that can be converted into an active state is relatively low. Therefore, the
activation energy required in the main pyrolysis stage is low. In the pyrolysis stage of other
materials (biomass, solid waste, etc.), most of the mass is converted into volatile dispersion
loss in an active state; thus, the activation energy requirements are relatively great. With
increasing heating rate, the activation energy of self-hardening resin sand in a nitrogen
atmosphere gradually decreases [4], which is consistent with the results of this study. In
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this study, the activation energy of resin sand was investigated in pyrolysis experiments of
different types of resin sand at different heating rates, and the results are valuable.

The activation energy of self-hardening resin sand in an air atmosphere is greater than
that in a nitrogen atmosphere [4]. However, this conclusion is obtained at only one heating
rate, providing weak evidence. Overall, there is no regular causal relationship between the
activation energy and the heating rate of resin sand in an air atmosphere. Some scholars
have reported that the activation energy of materials in an air atmosphere is greater than
that in a nitrogen atmosphere [76], but other scholars have found opposing support [77]. To
investigate the changes in the activation energy of materials, some scholars have conducted
thermal decomposition experiments on materials with different oxygen contents [78]. The
results showed that the activation energy of materials changes unstably with increasing
oxygen content. The activation energy of the material increases steadily with increasing
mass conversion rate and decreases when the activation energy peaks [79].

3.8. Limitations

First, only the pyrolysis behaviors of resin sand in nitrogen and air atmospheres were
investigated. Further attention should be given to the influences of oxygen content on
the thermal decomposition characteristics of resin sand. Second, the activation energy of
resin sand does not change regularly with the heating rate in an air atmosphere, and future
studies should focus on this issue. Third, the mass loss of resin sand occurs during the sand
mixing process, and future studies should consider this issue.

4. Conclusions

The main component of the resin sand is SiO2, which has high-temperature stability.
Increasing the heating rate in an air atmosphere is conducive to the pyrolysis of resin
sand. The average mass loss of the resin sand during pyrolysis is 3.03%, which is much
smaller than that of the other materials. The term Tstv/mloss is equivalent to 2.86%/min,
and the volatile release characteristic index of resin sand can be calculated. The value
of this parameter is even smaller than that of other materials. The validity of the kinetic
parameters of the resin sand was tested by one-way ANOVA.
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