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ABSTRACT

Organic binders currently used in the foundry industry are highly toxic. During the pouring of casting molds,
many volatile organic compounds are released, the vast majority of which are environmentally harmful. The
development of alumophosphate binders will have a positive impact on the environment. The article gives the
results of the study of aluminum phosphate binders, which are the result of the chemical reaction of ortho-
phosphoric acid with powdered aluminosilicates. The subjects of the research are the phase and chemical
composition, the dynamics of thermal transformations of the binders, as well as the properties of core mixtures
for the production of foundry cores.

It was found experimentally that as a result of the chemical reaction of powdered pyrophyllite Alo(OH)2[-
Sis010] and disten-sillimanite Al,O[SiO4] with orthophosphoric acid after heating to 300 °C, strong and ther-
mally stable binders are formed, which are crystalline and amorphous aluminum orthophosphates. These phases
ensure binding of the quartz refractory filler and therefore high strength. Synthesized binders can be used in
refractories or core mixtures for foundry production.

X-ray phase and differential thermogravimetric analyzes were used to determine the structure and properties
of binders. The compositional planning of the experiment with appropriate data processing was applied to
determine the working composition of the mixture for foundry cores.

The structure of aluminum phosphate binders, which were obtained using refractory fillers common in
foundry production, was investigated for the first time. The circumstances for the formation of crystalline phases
were analyzed for the first time. It was established that as a result of the reaction of orthophosphoric acid and
disten-sillimanite, the larger specific amount of aluminum orthophosphate and the smaller amount of residual
quartz is formed, compared to the reaction of acid with pyrophyllite. This ensures the higher strength of the core
mixture, which is formed from the binders in which orthophosphoric acid and disten-sillimanite are used.

Taking into account the mass ratios for the whole realization of the chemical reaction of the formation of the
aluminum phosphate binders, the core mixture on the basis of quartz sand, orthophosphoric acid and disten-
sillimanite was developed, which hardens after heating to 300 °C and has a compressive strength of at least
2.0 MPa.

1. Introduction

advantages in terms of ecology and resource conservation are beyond
doubt [2]. However, despite this, the evolution of their commercial use

Over the past twenty years, there has been a steady trend towards the requires continuous technical advances [3].
replacement of organic binders, including a wide range of synthetic Core mixtures with inorganic binders are devoid of the main disad-
resins (especially those containing phenol, formaldehyde, and furfural), vantages of mixtures with phenol-formaldehyde, furan and other types
with inorganic materials for the production of foundry cores [1].Their of synthetic resins. For example, they are characterized by minimal
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release of toxic and harmful substances into the environment, as well as
the possibility of repeated reuse. The authors [4] draw attention to the
need to identify organic and inorganic compounds that are formed as a
result of repeated heating-cooling of molding mixtures and are present
there in the form of impurities that reduce the complex of their prop-
erties. Organic impurities are considered especially harmful. A thorough
study [5] shows that for the preparation of core mixtures it is possible to
use regenerated sand no more than 20 % by weight, after which the
mechanical strength of the rods is significantly reduced. Another rele-
vant problem associated with the use of sand-resin core mixtures is
highlighted in the article [6]. In combination with sand-bentonite and
sand-clay molding mixtures, sand-resin rods significantly reduce all
mechanical and technological properties, and therefore, obviously, the
mixtures require a more complex and long-term regeneration process.
Researchers [7] emphasize that depending on the type of resin, under
the influence of temperature, compounds such as the BTEX group and
polycyclic aromatic hydrocarbons can be formed and released. During
storage and disposal of the spent mixture, there is a high probability of
releasing harmful substances into the environment.

Phosphates occupy the important place between inorganic binders.
Thought the number of valuable properties, they found use as corrosion-
resistant and heat-resistant coatings, heat-resistant concrete, adhesives
[8], and components of porous ceramics [9]. In particular, the authors
[10] confirm that phosphate binders in the composition of core mixtures
have advantages over resin ones not only in terms of ecology, but also in
terms of the number of technological indicators.

Historically, it happened that researched in the in the 70s ... 80s of
the 20th century, core mixtures with Fe and Mg phosphates could not
compete with sand-resin compositions [11]. The reasons are the insta-
bility of the chemical composition and properties of both the binders and
the powder hardeners required in these technologies, which made it
impossible to ensure the stable level of the technological properties of
the mixtures.

As an alternative to these materials, compositions based on
aluminum phosphates can be considered. Such compositions, which are
known today, contain pre-synthesized aluminum phosphate binders at
the chemical plant, which is the product of inorganic chemical synthesis.
Complex materials based on it are also known, which additionally
contain Cr, Mg, B, Fe, Ca, Zn, and sometimes even Na. However, com-
plex binders synthesis technologies are long and multi-operational, they
cannot be implemented at foundry enterprises. The shelf life of ready-
made binders, as a rule, does not exceed 6 months.

Statement of the problem. Aluminosilicate materials are available
and widespread, therefore, in the wide range of scientific works, they are
considered as raw materials for creating aluminum phosphate binders.
For many decades, schemes of their reaction with orthophosphoric acid
have been used for the production of refractory products, which are
exposed to sintering at temperatures of 900 ... 1300 °C [12]. At the same
time, it is noted that the pre-solidification temperature of the developed
refractory mixtures is about 300 °C, which is technologically acceptable
also for foundry cores.

Obtained by the chemical reaction of orthophosphoric acid with
refractories such as fireclay and mullite with the general formula 3
Aly03-25i05, alumina and corundum with the general formula Al;Os,
kaolinite Al;(OH)4[Si2Os] binders have been studied quite fully [12,13].
There are isolated data on pyrophyllite Alo(OH)2[Si4O10], which indi-
cate the formation of exclusively amorphous aluminum phosphates,
which complicates the study of their structure and properties. Binders
are used for the casting of Al-Si alloys, which are promising for the
development of highly effective heat-protective [14,15] and
functional-gradient [16] coatings. The phase and chemical composition
of currently known aluminum phosphate binders has been well studied,
which makes it possible to predict their properties and polymorphic
changes upon heating.

In our previous studies [17], for the first time, the possibility of
obtaining aluminum phosphate binders directly in the composition of
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core mixtures during their thermal hardening was considered.
Aluminum phosphates with the sufficiently high binding potential were
obtained as the result of the chemical reaction of orthophosphoric acid
H3PO4 with powdered industrial products (aluminum-containing slags
and sludges [17]), inorganic aluminum salts [18], as well as with
aluminosilicate materials [19]. Similar topics are also discussed in ar-
ticles [20,21]. In order to process production waste and its beneficial
use, the authors [21] synthesized the binders from glass manufacturing
waste, kaolin clay, and phosphate sludge. During the synthesis of
aluminum phosphate, the authors [20] changed aluminum hydroxide
with the grout of aluminum nitrate, i.e., as the authors [18] used an
inorganic salt. Authors [22] finely dispersed aluminum powder was used
in combination with orthophosphoric acid for the synthesis of aluminum
phosphates.

In foundry production, disten-sillimanite and chamotte are primarily
used as refractory fillers, and corundum and pyrophyllite to the lesser
extent. There are currently no data on the chemical and phase structure
of aluminum phosphate binders formed from disten-sillimanite and
pyrophyllite. There is also no information regarding their thermal sta-
bility and the possibility of use in the mixture of foundry cores.

The result of our previous research [19] was established the phase
composition of silicon and zirconium phosphates, which are formed
after the reaction of powdered quartz and zircon with orthophosphoric
acid. The dynamics of changes in the phase composition of these phos-
phates during heating from 20 to 1000 °C were also established. The
study of the reaction of orthophosphoric acid and disten-sillimanite
showed that strengthening of mixtures of orthophosphoric acid and
kyanite-sillimanite (Al,O3 - SiO or Al;SiOs or Al;0[SiO4]) occurs in the
temperature range of 250 ... 300°C. The complete mineralogical struc-
ture of powdered kyanite-sillimanite and 85 % orthophosphoric acid
H3POy, strengthened at 300 °C, has not been established. Therefore, the
phase structure needs to be specified.

According to the article [19], the phase structure of
kyanite-sillimanite almost coincides to the phase structure of the sam-
ple. Analyzing both distribution and intensities of the peaks on the X-ray
diffraction pattern, authors conclude that these binders should be
assigned to crystal hydrate forms or amorphous aluminum phosphates.
Physical and chemical transformations during heating of this material
have not been explained. The DTG graph contains several special effects
that raise some scientific questions about the phase transformations in
this system. To solve these questions, it was necessary to carry out
additional experiments and calculations, which were finally solved and
confirmed in this article.

Statement of research objectives. The aim of this work is to study
the chemical, phase composition and dynamics of thermal trans-
formations of aluminum phosphate binders, which are formed as the
result of the reaction of orthophosphoric acid with pyrophyllite and
disten-sillimanite, as well as to develop the structure of aluminum
phosphate core mixture for foundry production.

Activities.

1. Determine the phase structure of the products of the chemical re-
action of orthophosphoric acid and pyrophyllite Alz(OH)2[Si4O10l.

2. Research the transformation of the specified products during heating
from 20 to 1000 °C.

3. Determine the phase structure of the products of the chemical re-
action of orthophosphoric acid and disten-sillimanite Al,O[SiO4].

4. Research the transformation of the specified products during heating
from 20 to 1000 °C.

5. To determine the strength of the samples of core mixtures with both
studied binders and conduct the comparative analysis.

2. Materials and methods

A synchronous thermal analyzer STA 449C Jupiter used for high-
temperature transformations were studied by the method of
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differential thermogravimetric analysis.

RIGAKU “Ultima IV” diffractometer used to determine the structure
and phase composition by X-ray phase analysis.

River quartz sand, which contains 0.8 % of the clay component and
has an average particle size of 0.28 mm, was used as the filler in the
mixtures.

To determine the compressive strength of core mixtures, cylindrical
samples with the diameter and height of 50 mm were made, the strength
was determined on the US-700 device. To obtain each experimental
value and construct graphical dependences in each experiment, from 4
to 6 standard cylindrical samples were used. Graphical dependences
were constructed based on the arithmetic mean values of strength with a
confidence probability of 90 %.

Technical orthophosphoric acid in the form of the aqueous grout
with the concentration of 85 % and the density of 1670 kg/m°,
powdered disten-sillimanite Al,O[SiO4], and the powdered filler based
on pyrophyllite were used for the experiments. Pyrophyllite itself is the
natural mineral [23] with the known crystal structure and chemical
composition Alz(OH)2[SisO10]. The used refractory filler (Korosten,
Zhytomyr region, Ukraine) is the natural mixture of different re-
fractories, as determined by phase analysis according to the X-ray
diffraction pattern in Fig. 1.

In the studied material, quartz (50 %) and aluminosilicates are
distributed in equal amounts, among which pyrophyllite predominates.

3. Results and discussion

In experiments of authors [19], it was established that compositions
of powdered pyrophyllite and disten-sillimanite with orthophosphoric
acid completely solidify after heating to 300 °C. This indicates the for-
mation of binders in these mixtures. In order to establish their compo-
sition and structure, X-ray phase analysis was carried out.

The result of the reaction between the material based on pyrophyl-
lite, the composition of which is previously determined (Fig. 1), and
orthophosphoric acid was the mixture, the X-ray diffraction pattern of
which is shown in Fig. 2.

Pyrophyllite was identified in the sample, as well as lines that two
phases may be owned, i.e. quartz and aluminum orthophosphate. These
phases have similar crystal characteristics, so it is not possible to
determine their mass ratio only on the basis of phase analysis. The
amount of pyrophyllite decreased by almost half compared to the data in
Fig. 1, so part of it reacted with orthophosphoric acid. There are also no
impurity aluminosilicate phases because they have also reacted with the
acid.

Silicon phosphates were not detected in the sample. This is explained
by the greater activity of the alumina component of pyrophyllite
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Fig. 1. X-ray diffraction pattern of refractory filler based on pyrophyllite.
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Fig. 2. X-ray diffraction pattern of the mixture of the filler based on pyro-
phyllite (5 mass units) with orthophosphoric acid (1 mass unit) treated at the
temperature of 300 °C.
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towards acid, compared to the silica component. Previously, the authors
[12,13] based on the results of studies of kaolinite and pyrophyllite
mixtures with orthophosphoric acid, indicated that only amorphous
products are formed in them. In our study, on the contrary, the character
of the X-ray diffraction pattern indicates that amorphous phases are
absent or their number is minimal, and all phosphates are in crystalline
form.

The chemical transformations that took place in this mixture are
described by the following reaction:

Aly(OH)2[Sis010] + 2H3PO4 — 2AIPO4 + 4SiO + 4H20 )

To carry out this reaction, taking into account the molecular mass of
all substances, the ratio should be 360 mass units of pure pyrophyllite
Aly(OH)2[Si4010] per 196 mass units of H3PO4 (or 231 mass units of
acid, taking into account its concentration of 85 %). In the sample,
taking into account the mass ratios of the components, the amount of
pyrophyllite in the refractory filler (50 %) and the acid concentration is
1155 mass units of the filler and, accordingly, 580 mass units of pyro-
phyllite and 231 mass units of acid. In this case, the remaining unreacted
pyrophyllite should be 580-360 = 220 mass units. As the result, reaction
(1) produces 244 mass units of aluminum orthophosphate and 240 mass
units of quartz.

In the initial sample, the amount of quartz is 50 %, so there are 580
mass units for reaction (1). Adding to this the quartz formed by this
reaction, we get 820 mass units. In this case, the calculated composition
of the sample are: 820 mass units (or 64 %) of quartz, 244 mass units (or
19 %) of aluminum orthophosphate and 220 mass units (or 17 %) of
residual pyrophyllite. The result of the quantitative phase analysis
(Fig. 2) is close to the theoretically calculated. The error may be related
to impurity aluminosilicate phases revealed by the results on Fig. 1,
which are not taken into account in the calculation. As the conclusion,
binders in the form of crystalline aluminum orthophosphate were
formed in this system. In addition to it, as the result of chemical reaction,
residual quartz was released.

Differential thermogravimetric analysis of the sample of filler based
on pyrophyllite with orthophosphoric acid and processed at 300 °C, was
performed in air at the heating speed of 20 ... 30 K/min. Two endo-
thermic effects were established on the thermal analysis curve (Fig. 3).

The first endothermic effect corresponds to the temperature range of
100 ... 150 °C, while the sample decreases its mass. Taking into account
the temperature limits and the relatively significant decrease in mass is
taking place, we establish that the removal of free moisture, which the
sample absorbed from the atmosphere.
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Fig. 3. Differential thermogravimetric analysis of the mixture of filler based on
pyrophyllite (5 mass units) with orthophosphoric acid (1 mass unit), treated at
the temperature of 300 °C.

The second endothermic effect with the lower intensity, but without
the change in the sample mass, is observed at 566.6 °C. This can be
explained by the polymorphic transformation of residual quartz. In turn,
aluminum phosphate does not undergo any transformation.

Similar studies were conducted with the sample of disten-sillimanite
(7 mass units) with orthophosphoric acid (3 mass units), treated at the
temperature of 300 °C. According to preliminary data, the presence of
four crystal phases has been established. These are sillimanite (65.4 %),
aluminum orthophosphate (17.8 %), quartz (9.8 %) and silicic acid in
the form of H,Si,05 (7.9 %). At the same time, as can be seen from the
nature of the X-ray diffraction pattern in Fig. 4, the unidentified part of
the sample has an amorphous nature.

The formation of such phases is most probably caused by the
following reaction:

3A1,0[Si04] + 6H3PO4 — 6AIPO4 + SiOz + H5Siz05 + 8H20 2)

According to mass ratios, this reaction is totally carried out under the
condition of mixing 486 mass units of disten-sillimanite with 588 mass
units of H3POy4. Our sample, considering the acid concentration (85 %)
and the mass ratio of the components contained 1372 mass units of
disten-sillimanite and 500 mass units of H3POy. In this case, only 413
mass units of disten-sillimanite could react, and 1372-413 = 959 mass
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Fig. 4. X-ray diffraction pattern of the sample of disten-sillimanite (7 mass
units) with orthophosphoric acid (3 mass units), treated at the temperature
of 300 °C.
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units remained. According to reaction (2), 622 mass units of aluminum
orthophosphate, 51 mass units of quartz and 117 mass units of silicic
acid should be formed. The calculated mass of the sample is 1749 mass
units.

However, the unspecified part of the aluminum phosphate is in the
amorphous state. To establish it, the data of quantitative phase analysis
was used, which gives the relative distribution of crystalline phases. If
the amount of residual disten-sillimanite is determined to be 64.5 %, and
its calculated amount is 959 mass units, then the total number of crys-

959

talline phases is gggs = 1487 mass units. Therefore, the amount of

amorphous aluminum phosphate is equal to the difference between the
calculated mass of the sample and the number of crystalline phases
detected in it: 1749-1487 = 262 mass units. Accordingly, the amount of
aluminum phosphate in the crystalline state is 622-262 = 360 mass
units, which is 252100 = 24,2%.

It is known that AIPO4 and SiOzphases have identical X-ray patterns,
so it is impossible to establish the quantitative relationship between
them based only on the results of phase analysis. At the same time, the
total number of these crystalline phases is known: 17.8 + 9.8 = 27.6 %.
The calculated amount of crystalline AIPO4 is 24.2 % and then the
calculated amount of quartz is 27.6-24.2 = 3.4 %.According to reaction
(2), the calculated amount of SiO, formed should be %-100 = 3,4%.
Calculated amount of silicic acid fj—877~100 = 7,9%. Thus, the calculated
data completely coincide with the experimental data. The interpretation
of the X-ray diffraction pattern is shown in Fig. 4.

After the final establishment of the phase structure of the formed
binders, the peculiarities of the dynamics of its transformations during
heating become clear. Fig. 5 shows differential thermogravimetric
analysis of the sample of filler based on disten-sillimanite with ortho-
phosphoric acid and processed at 300 °C, was performed in air at the
heating rate of 20 ... 30 K/min.

The graph reveals two slightly pronounced endothermic effects at
temperatures up to 200 °C. They should be explained by the presence of
the hygroscopic phase H2Si2O;5 in the sample.

At the temperature of 417.9 °C, the endothermic effect was detected,
which was accompanied by the jump-like, but insignificant, decrease in
mass. Obviously, this effect is related to the decomposition of the
H,Si»05 phase, as the result of which silica SiO; is formed and H,0 is
removed. Notably, the disten-sillimanite reaction yields a small amount
of silicic acid in the form of H2Si>Os. This hydrated silica phase is stable
at least until ~400 °C. Its formation is favored by the water released
during the acid-base reaction. Upon further heating, HsSiOs de-
composes, and the liberated silica contributes to the formation of quartz.

General evenness heat dismiss in the range of 200 ... 500 °C is the

DSC, DTG,

TG, % mW/mg  %/min

0.6

)

04

100 200 300 400 50 60 700 800
Temperature,°C

Fig. 5. Differential thermogravimetric analysis of the mixture of disten-
sillimanite (7 mass units) with orthophosphoric acid (3 mass units), treated
at the temperature of 300 °C.
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result of the passing of aluminum phosphate AIPO4 from amorphous to
crystalline form. Heating above the temperature of 500 °C does not
found the thermal effect, that is, aluminum orthophosphate (as well as
quartz and disten-sillimanite) remains without change up to 1000 °C.
The thermal stability of the system makes it possible to use it as part of
foundry cores.

In mixtures of orthophosphoric acid with both refractory alumino-
silicates, pyrophyllite and disten-sillimanite, the formation of alumi-
nophosphate binders upon heating was confirmed. To compare their
binding capacity, core mixtures of the following composition were
prepared: orthophosphoric acid (85 % solution) is 3.0 % by mass,
powdered aluminosilicate is 5.0 % by mass, quartz sand is the balance.
Samples of the mixtures were drying for 1 h at the temperature of
300 °C.

The results of determining the compressive strength are as follows:
the mixture with pyrophyllite is 0.65 MPa, the mixture with disten-
sillimanite is 1.55 MPa. This result is explained by the fact that after
the reaction of orthophosphoric acid with pyrophyllite, the larger
amount of residual quartz is formed. As determined by phase analysis
with further calculation, it is 64 %. After the reaction of acid with disten-
sillimanite, the total amount of residual phases (quartz and silicic acid)
is much smaller. It is about 11 % (Fig. 4). Also, the relatively larger
amount of aluminum orthophosphate is formed in the mixture with
disten-sillimanite.

Taking into account the obtained theoretical and practical results,
the combination of orthophosphoric acid and disten-sillimanite was
chosen to create the aluminum phosphate core mixture. For the more
complete passage of the chemical reaction (2) formation of binders, the
mass ratio of the components must differ from the one used during the
previous experiment. Orthophosphoric acid should be in excess relative
to disten-sillimanite. In order to achieve such ratio, during the prepa-
ration of the mixtures, the acid was pre-mixed with disten-sillimanite.
Since the amount of acid was predominant, these pre-prepared compo-
sitions were in the form of suspensions.

The influence of the composition of the suspensions on the strength
of the core mixture samples is shown in Fig. 6.

On all graphical dependencies shown in Fig. 6, maxima are observed
at the amount of 30 % disten-sillimanite (corresponding to 70 % acid) in
the suspension. This additionally confirms exclusively the chemical
mechanism of the formation of the aluminosilicate binders according to
reaction (2), the complete passage of which is ensured by the mass su-
periority of H3PO4 over disten-sillimanite.

Therefore, it was determined that the aluminum phosphate core
mixtures should contain 5 ... 6 % of the suspension, which consists of 30
% powdered distensillimanite and 70 % orthophosphoric acid. At the
same time, the strength is 2.0 ... 3.0 MPa. The mixture became a patent
in Ukraine [24] even before the establishment of the physical and
chemical processes of the formation of aluminum phosphate binders and
its properties.

Compression strength, MPa
N
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g. 6. Strength dependence on the amount of disten-sillimanite in suspension.
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A comparative summary of the key experimental differences be-
tween the pyrophyllite and disten-sillimanite-based binder systems is
presented in Table 1.

4. Conclusions

1. The formation of aluminum phosphate binders in mixtures of
orthophosphoric acid with powdered pyrophyllite and disten-
sillimanite after their heating to 300 °C was established. Binders
are formed as the result of direct chemical reaction of aluminosili-
cates with acid, and this process can be applied as part of the core
mixture.

2. For the first time, the mechanism of reaction of disten-sillimanite
with orthophosphoric acid was investigated and it was shown that
as the result of chemical reaction between them, in addition to
binders (aluminum orthophosphate) and residual SiO», the addi-
tional product is formed. This product is the type of silicic acid-
H,Si,05, which is not found in any other mixture of orthophosphoric
acid with aluminosilicates.

3. The phase composition of the formed aluminum phosphate binders
was studied. It is shown that in the mixture of orthophosphoric acid
with pyrophyllite only crystalline phases are formed, namely,
aluminum orthophosphate and residual quartz. In the mixture of
orthophosphoric acid with disten-sillimanite, aluminum orthophos-
phate is distributed between crystalline and amorphous states, and
its total amount is greater, which provides significantly greater
strength of the hardened mixture.

4. It is shown that the formed binders are thermally stable and do not
undergo polymorphic transformations during heating up to 1000 °C.
Aluminum phosphate binders, formed from orthophosphoric acid
and disten-sillimanite, change their amorphous structure to crystal-
line during heating. These features do not prevent the development
of the core mixture based on the studied aluminum phosphates. It
was established that the mixture of optimal composition contains 5
... 6 % suspension (30 % powdered disten-sillimanite and 70 %
orthophosphoric acid), the balance is quartz sand. The strength after
heating the samples to 300 °C is 2.0 ... 3.0 MPa.
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