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Modification of inorganic binder used for sand
core-making in foundry practice
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Abstract: With modified water glass as binder and the introduction of micro silicon powders into the core-
making process, an improvement was made to the tensile strength and collapsibility of the sand core. The
potassium hydroxide, sodium hexametaphosphate and white sugar were applied as the modifiers of water
glass. The optimum proportion of the modifiers was determined through the combination of single factor test
and orthogonal test. The optimum proportion of water glass, potassium hydroxide, sodium hexametaphosphate
and white sugar is 1000: 40: 5: 5 (wt.). In terms of weight, modified binder and micro silicon powders accounted
for 2% and 0.6% of sand, respectively. The sand core was hardened by going through a warm core box
process, in which the temperature of core box was 150 °C, and the compressed hot air was blown at 120 °C
for 40 s under a pressure of 0.2 MPa. As for the sand core bonded with modified water glass, the tensile
strength is 2.46 MPa at room temperature (0,) and 2.49 MPa at 25 °C and 40% RH for 24 h (o,,), which
are 2 times more than that with unmodified binder. The bonded strengths of sand core are increased as a result
of the reaction between -OH groups from addition of potassium hydroxide and SiO, particles widely distributed
in the sand core. Comparing with the sand core bonded with unmodified water glass, the high temperature
residual tensile strength (o;) of sand core bonded with modified water glass under 600 °C for 5 min, is sharply
reduced from 0.20 MPa to 0.01 MPa. By the comparison with unmodified water glass, the dynamic viscosity
of the modified water glass and the flowability of molding sand using modified water glass are increased from
74 mPa-s and 2.15 g to 80 mPa-s and 2.21 g, respectively. As revealed by FT-IR analysis, new groups including
PO, PO,*, and Si-O-C appear in the molecular structure of modified water glass, which are beneficial to the
collapsibility of sand core.
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n the process of casting, it is inevitable that
Ithe traditional organic binder will pollute
the environment )
requirements of environmental protection, the inorganic

binder has attracted more attention ). Water glass

. With the increasingly strict

binder, a kind of inorganic binder, which is usually
used in aluminum alloy casting, has some advantages
in environmental protection because of its non-toxic
nature and low gas evolution in casting ™ *. However,
due to the low bond strength, the amount of unmodified
water glass accounts for as much as 6.0%-8.0% of
the weight of molding sand ©*'. At the same time,
the molding sand using unmodified water glass has
poor collapsibility ™. These disadvantages limit the
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application of water glass binder in large scale. In order
to improve the performance of water glass binder,
many research works have been published in recent
years. The two-component binder system, which is the
combination of micro silica powder and water glass,
was studied ™, and the positive effect of micro
silica powder on strengths of sand core was found.
Sun et al. "” studied the effect of a surface active
agent on properties of sand core bonded with water
glass, and sodium dodecyl and polyacrylamide were
introduced as modifiers to improve the collapsibility of
the sand core. Yang """ improved the collapsibility of
the sand core by adding a certain proportion of ultra-
fine powder consisting of ALLO;, ZnO, TiO, and MgO.
Zhu et al. " studied the modification of polyethylene
oxide on water glass, and found that polyethylene
oxide had positive effects on both strengths and
collapsibility of the sand core. A new silicate-phosphate
binder system was introduced by Leonid ", and the
strengths and collapsibility of the sand core using the
new binder were both improved.
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Despite the modified effect of water glass by organic and
inorganic additives being positive, some modifiers are not
readily available and the preparation process is complicated to
some extent. In this study, based on the consideration of low-
cost and common availability, sodium hexametaphosphate,
white sugar and potassium hydroxide were employed to
modify water glass to enhance the strength and collapsibility
of a sand core. Both the single factor test and orthogonal test
were conducted to optimize the additional amounts of different
modifiers. At the same time, micro silica powder was added
during the process of sand mixing. Depending on the research
status, the addition amount of water glass and micro silica powder
was determined, which accounted for 2% and 0.6% by weight
of sand, respectively. The sand core was prepared through the
warm box core-making process. Moreover, an investigation
was conducted into the tensile strength and collapsibility of the
sand core as prepared with the optimal proportion of modifiers.
The Fourier-transform infrared spectroscopy (FT-IR) analysis
of water glass was performed to reveal the mechanism of
collapsibility improvement of the sand core.

1 Experimental procedure

1.1 Materials and equipment

The Dalin sand "ZGS- 50/100(60)" was used in this study.
The modified water glass was prepared under laboratory
conditions. Potassium hydroxide, sodium hexametaphosphate,
white sugar and micro silica powders were purchased from
Liaoning Xinxing Co., Ltd., China. The content of SiO, in
micro silica powders was close to 93%. A cold-box/hot-box/
inorganic process sand core sample making machine (MLWAI,
Suzhou Mingzhi Technology Co., Ltd., China) was employed.

1.2 Experiment method

The water glass and potassium hydroxide were added together
into a three-necked flask, and then the mixture was stirred
for 10 min. When the mixture was heated to 60 °C, sodium
hexametaphosphate was added, and the stirring was continued
for 20 min. Then, when the mixture was cooled to 30 °C, white
sugar was added, and the stirring was maintained for another
10 min to complete the preparation of the inorganic binder. The
production process of the sand core was as follows. Firstly,
the sand (1 kg) was mixed with binder (20 g) and micro silica
powder (6 g) in a sand mixer for 120 s. Then, the sand mixture
was used to prepare the standard "8" - shape sand core samples
by the sand core-making machine. Lastly, the sand core was
bonded by a warm core box process in which the temperature
of the core box was 150 °C, and compressed hot air of 120 °C
was blown for 40 s under a pressure of 0.2 MPa.

The influences of the selected modifiers on the properties
of sand cores with addition of 0.6% (wt.) micro silica powder
were firstly explored by single factor test. Then, in order
to further improve the performance of the modified water
glass and optimize the addition amount of each modifier, the
orthogonal experiment was designed based on the results of
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the single factor test. To evaluate the effects of modification,
the strengths of the sand core with unmodified water glass
and 0.6wt.% micro silicon powders, prepared under the same
conditions, were also measured.

1.3 Testing method

The tensile strength of the sand core was measured using the
"SWY" type testing machine. The tensile strength at room
temperature (o) and at 25 °C and 40% RH for 24 h (o,,), as
well as the high temperature residual tensile strength (o,) at
600 °C (the approximate temperature of molding sand after
aluminum alloy is poured into the sand mold) for 5 min were
recorded, with the mean of five records taken as the final results.

FT-IR analysis of the samples was performed by using an
IRPrestige-21 infrared spectrometer. For full evaporation of
water, all the samples were stored in an oven at 40 °C for 10 h.
After that, the samples were ground into fine powders, and then
the powders were mixed with KBr. Finally, the mixture was
compressed into thin pills for FT-IR analysis.

The flowability of molding sand was measured by a standard
cylinder with a round hole. 185 g of molding sand was added
into the cylinder when the hole was blocked. A cylinder
containing sand was placed on the hammering prototype
and then hammered ten times while the hole was unblocked.
Afterwards, the compacted molding sand was taken out slowly,
and the weight of molding sand extruded from the hole was
measured as the value of the flowability of molding sand.

The dynamic viscosity of the binder was tested using a NDJ-1
rotary viscometer. The gas evolution of molding sand was tested
using an SFZ-type gas evolution instrument. The bonded bridge
and fracture morphology of sand core bonded with water glass
were observed by a scanning electron microscope (SEM).

2 Results and discussion

The strengths of the sand core bonded with unmodified
water glass are shown in Table 1. The physical properties
of unmodified water glass and molding sand bonded with
unmodified water glass are detailed in Table 2.

Table 1: Tensile strength of sand core bonded with
unmodified water glass (MPa)

O Oy g,

1.13 1.20 0.20

Table 2: Physical properties of unmodified water glass and
molding sand bonded with unmodified water glass

Physical properties Results

Modulus of the unmodified water glass 2.81

Dynamic viscosity of the unmodified

water glass (mPa-s) &
Flowability of molding sand (g) 2.15
Gas evolution of the sand core 4.9

600 °Cx3 min (ml-g™)
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Single factor test on the effect of the modification on water
glass was conducted. The tensile strengths of the sand core
bonded with modified water glass are shown in Table 3.

As indicated by Table 3, the strengths of the sand core are
affected by the varying content of modifiers. The satisfactory
results are achieved when addition amounts of potassium
hydroxide, sodium hexametaphosphate and white sugar are
4%, 0.4%, and 0.4% of water glass in weight, respectively.
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In order to make a further improvement to the performance
of the sand core, the optimum amount of each modifier was
determined by the orthogonal experiment. The orthogonal
experiment for the three factors and three levels was designed
according to Table 4. Table 5 shows the g, 0,,, and o, of sand
core, as well as the range analysis of ¢,. Figure 1 shows the
range analysis of ¢, in the orthogonal test.

Table 3: Tensile strength of the sand core bonded with modified water glass (MPa)

Type of modifier

2

Potassium hydroxide 4

6

0.2

Sodium hexametaphosphate 0.4
0.6

0.2

White sugar 0.4

0.6

Addition amount
(wt.% of water glass)

(o8 (N [o
1.85 1.90 0.09
1.96 2.08 0.07
1.91 1.97 0.07
1.25 1.26 0.03
1.32 1.35 0.02
1.30 1.30 0.02
1.65 1.72 0.05
1.72 1.80 0.04
1.70 1.73 0.03

Table 4: Factors and levels of the orthogonal test

A (Potassium hydroxide, wt.%)

B (Sodium hexametaphosphate, wt.%)

Factors

C (White sugar, wt.%)

1 3
2 4
3 5

0.3 0.3
0.4 0.4
0.5 0.5

Table 5: Results and analysis of the orthogonal experiment and range analysis of o,

nJ;sl:;‘er hﬁl(rz:it::,swtr.]:b) hexametBaéﬁgg;;l:te, wt.%) (White su(;ar, wt.%) CalelE) - CamlblEel el

1 A1 B1 C1 2.37 2.40 0.05
2 A1 B2 C2 2.57 2.59 0.04
3 A1 B3 C3 2.39 2.41 0.03
4 A2 B1 C2 2.44 2.46 0.04
5 A2 B2 C3 2.40 2.42 0.01
6 A2 B3 C1 2.43 2.45 0.02
7 A3 B1 C3 2.47 2.48 0.04
8 A3 B2 C1 2.39 2.42 0.03
9 A3 B3 C2 2.36 2.39 0.01
k1 0.040 0.043 0.033

k2 0.023 0.027 0.030

k3 0.027 0.020 0.027

Ri 0.017 0.023 0.006
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0.045

0.035

o, (MPa)

0.030

'\\

1 1 1 1 1 1 1 1 1
A1 A2 A3 B1 B2 B3 C1 C2 C3
Factors

0.025

0.020 |-

Fig. 1: Range analysis of o, in orthogonal experiment

As indicated in Table 5 and Fig. 1, a different proportion
of modifiers has no significant effect on o,, and o,, but has
a considerable impact on o, of the sand core. From Fig. 1, it
can be seen that the influence degree of each factor on o, is
B >A > C, and that the optimal combination of the factors is
A,B,C,, in which the addition of potassium hydroxide, sodium
hexametaphosphate and white sugar is 4%, 0.5% and 0.5%
of water glass in weight, respectively. A verification test was
performed according to the optimal combination of A,B,C;,
with the result shown in Table 6.

Table 6: Results of verification test (MPa)

O, Oy g,

2.46 2.49 0.01

As shown in Table 6, the o,, 0,, and o, of the sand core
obtained by using the modified binder with the combination of
A,B,C, are 2.46 MPa, 2.49 MPa, and 0.01 MPa, respectively.
According to the results of the orthogonal experiment
and verification test, the o, is the lowest and the o, 0,, are
relatively high for the sand core bonded with modified water
glass with the combination of A,B;C;. Thus, the optimum
combination of each modifier was identified as A,B,C;, in
which the proportion of water glass, potassium hydroxide,
sodium hexametaphosphate and white sugar was 1000: 40: 5: 5
(wt.), by an analysis in the orthogonal test. By comparing the
result with that in Table 1, the ¢, and o, of sand core bonded
with modified water glass are 2 times more than that with
unmodified binder. In the meantime, the o, is sharply reduced
from 0.20 MPa to 0.01 MPa.

The bonded bridge of the sand core bonded with unmodified
water glass and modified water glass with the combination
of A,B;C, is shown in Figs. 2(a) and (b), respectively. As
shown in Fig. 2(a), there are plenty of micro cracks on the
surface of the water glass bonded bridge. Comparing with
Fig. 2(a), it can be seen the modified water glass binder in
Fig. 2(b) is dispersed more uniformly on the sand surface than
the unmodified one. Meanwhile, the diameter of the bonded
bridge with modified water glass binder is larger than that of
the unmodified one. The fracture morphology of the sand core
prepared by ordinary water glass and modified water glass
with the combination of A,B;C, are shown in Figs. 2(c) and
(d), respectively. It can be found there are many micro-cracks

Fig. 2: Characteristics of bonded bridge (a and b) and fracture morphology (c and d): (a) and (c) bonded
with unmodified water glass; (b) and (d) bonded with modified water glass
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on the fracture surface of the bonded bridge with unmodified
water glass, while the fracture surface of the bonded bridge
with modified water glass is relatively complete, which
suggests that the bonded bridge with modified binder
possessed a high strength.

Table 7 shows the physical properties of modified water
glass with the combination of A,B,C; and the molding sand
bonded with this modified water glass.

Table 7: Physical properties of the modified water glass and
molding sand bonded with this modified water glass

Physical properties Results

Modulus of modified water glass 2.64

Dynamic viscosity of the modified

water glass (mPa-s) £
Flowability of molding sand (g) 2.21
Gas evolution of sand core 5.3

600 °Cx3 min (ml-g”")

Comparing Table 7 with Table 2, it can be seen that the
modulus of modified water glass is reduced from 2.81 to 2.64,
which results from the addition of potassium hydroxide. The
dynamic viscosity of the binder improves from 74 mPa-s
to 80 mPa-s after the addition of modifiers. Meanwhile, the
modified water glass binder is still uniformly distributed on
the surface of the molding sand, as shown in Fig. 2(b). The
flowability of molding sand bonded with modified water glass
is enhanced from 2.15 g to 2.21 g, which is favorable for
making the molding sand more compact. The improvement of
the compactness of molding sand is favorable for improving the
quality of the bonded bridge, thus, compared with unmodified
water glass, the o, and o,, of the sand core with modified water
glass were increased from 1.13 MPa and 1.20 MPa to 2.46 MPa
and 2.49 MPa, respectively. The -OH concentrations of water glass
are increased by the addition of potassium hydroxide, and a high
modulus water glass was obtained from the reaction between
-OH groups and SiO, particles widely distributed in the water
glass "*'% According to the state of the Na,0-SiO,-H,0
system "', the bonded bridge between water glass and sand
particle is easily formed with the increase of modulus "* ",
Thus, a kind of high strength bonded bridge develops between
the sand particles. As a result, the ¢, and o, of the sand core
are improved by modified water glass.

Among the three additives, the white sugar decomposes at
high temperature to release gas, thus causing the gas evolution
of molding sand bonded with modified water glass to increase
from 4.9 ml-g” to 5.3 ml-g".

The FT-IR analysis result of the unmodified and modified
water glass is shown in Fig. 3. According to the infrared analysis
manual ***'!, there are new groups appearing in the modified
water glass, among which, 1,475 cm™”, 1,019 em™, 783 cm”
and 622 cm™ are related to PO;, PO,”, C-O-C and Si-O-C,
respectively.

Transmittance (%)

0 1 1 1
4000 3500 3000 2500 2000 1500
Wave number (cm™)

1000 500

Fig. 3: FT-IR analysis results of the sand core: (a) FT-IR
line of the modified water glass; (b) FT-IR line of
the unmodified water glass

As a sort of polyphosphate, sodium hexametaphosphate
contains dozens of PO, groups in general. When the -OH
concentration is high, part of the PO groups can be hydrolyzed
to PO,” groups. The structure of PO,” is tetrahedron which
is the same as the SiO," in the water glass binder. After
hardening, a composite unified network with the phosphorus-
oxygen tetrahedron (PO,”) and the silicon-oxygen tetrahedron
(Si0,*) was constructed, and the bonded strength of binder
was improved to some extent. During the cooling process from
high temperature, the decomposition of the bonded bridge
was promoted by stress, which results from the different
expansion coefficients between phosphorus-oxygen tetrahedron
(PO,”) and the silicon-oxygen tetrahedron (SiO,"), thus the
collapsibility of the sand core was improved. The o, of sand
core is decreased with the addition of white sugar, which is
decomposed at high temperature to accelerate the fracture of
the bonded bridge. Consequently, the collapsibility of the sand
core was improved by the addition of white sugar.

3 Conclusions

The tensile strength and collapsibility of the sand core were
improved through the modification of water glass, and the
mechanism of collapsibility improvement of the sand core was
revealed by the FT-IR analysis. Accordingly, the following
conclusions can be drawn:

(1) The different modified water glass binders are obtained
through the addition of modifiers in different amounts.
As determined by the combination of single factor test
and orthogonal test, the optimal proportion of water glass,
potassium hydroxide, sodium hexametaphosphate and white
sugar as addition is 1000: 40: 5: 5 in weight.

(2) For the sand core bonded by a warm core box process
with 2% (wt.) modified water glass with the optimal proportion
and 0.6% (wt.) micro silicon powders, the tensile strength at
room temperature (g,) and at 25 °C and 40% RH for 24 h (0,,)
is 2.46 MPa, 2.49 MPa, respectively. Meanwhile, the high
temperature residual tensile strength (o,) of sand core under
600 °C for 5 min is 0.01 MPa.
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(3) The dynamic viscosity of modified water glass and
flowability of molding sand bonded with modified water glass
are both improved. In the meantime, the bonded strengths of
sand core are increased as a result of the reaction between
-OH groups from addition of potassium hydroxide and SiO,
particles widely distributed in the sand core.

(4) The bonded bridges of the sand core using modified
water glass are easily broken during the cooling process,
promoted by different expansion coefficients between
phosphorus-oxygen tetrahedron (PO,”) and silicon-oxygen
tetrahedron (SiO,"), along with the decomposition of white
sugar at high temperatures. Thus, the collapsibility of the sand
core using modified water glass is significantly improved.
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