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Abstract: The automotive industry is one of the most important customers for the foundry industry.
In particular, casting of engine parts for combustion engines is one of the most demanding areas of
casting technology. New generation of engine blocks and cylinder heads are getting geometrically
more complicated in order to maintain or even increase performance. With the increased complexity,
the strain for the casting molds is growing and the widely used technology of core making
with standard silica sands is, for several applications, no longer reaching the demanded results.
Furthermore, in last decade, there has been an effort in using inorganic binders in core making process,
which brings along some additional technological challenges. In order to cope with these challenges,
in this paper, silica and non-silica sands with round and angular grains as well as with fine and
coarse grains are examined using an inorganic binder for strength, permeability, and thermal stability.
The results shall provide useful information about the possibilities of application and combining
different types of foundry sands, both silica and non-silica. With their impact on the selected sand
core properties, they can help in solving problems in the core making process as well as reaching a
high quality of the final product-casting.

Keywords: foundry sand; grain shape; grain size; inorganic binder; sand cores; strength; permeability;
thermal stability

1. Introduction

The main component of each sand mold is the base molding material, foundry sand, which is
usually up to 98% of the whole mass depending on the used technology. For the production of molds
or cores, natural or synthetic grains can be used [1]. Foundry sand is, according to the authors of [2],
defined as granular refractory material with grains of sizes in a range from 0.02 mm to 2 mm. The
most important foundry sand used is silica sand. The main component is quartz, a crystalline form
of Si0O,. Silica sand is available in good quality in central Europe, which forms the basis for wide
use in the foundry industry. However, silica sand has some negative properties, which can result in
problems when producing high-quality cast parts. Practical experience and molding data show that
40-70% of the casting defects arise from inadequate mold properties [3]. The main disadvantage of
silica sand is the thermal expansion behavior as a result of a phase transition. Silica sand has three
modification changes (at 573 °C, 870 °C, and 1470 °C), which are connected to the change of density

Metals 2020, 10, 235; d0i:10.3390/met10020235 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0001-6820-4876
https://orcid.org/0000-0002-3507-8954
https://orcid.org/0000-0003-4387-7892
http://dx.doi.org/10.3390/met10020235
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/10/2/235?type=check_update&version=2

Metals 2020, 10, 235 20f 14

and length. At 573 °C, reversible change of a modification 3 <> «-SiO2 takes place, which is connected
to the increase of volume by 2,4%. At 870 °C, volume expansion grows to 14.8% owing to further
modification to a high temperature polymorph of quartz called «-tridymite. At very high temperatures
(1470 °C), slow modification to «-cristobalite takes place. The second negative property is a low
sintering temperature (1450-1550 °C), which can be even lower in the presence of impurities such
as alkaline oxides. Another drawback that can be mentioned is low thermal conductivity. All these
well-known negative properties often lead to the use of alternative base materials—special non-silica
sands. The authors of [4] presented that sand grain morphology has a significant influence on the
bending strength of cores produced by cold box process. The author of [5] examined the technological
properties of cores produced by water glass ester process with silica and non-silica foundry sands. In
the selection of the base-molding material, it is essential to consider a number of factors, such as the
type of alloy, size of casting, and casting process technology [2,6].

This paper will deal with the examination of different foundry sands with an alkali silicate-based
binder cured by heat application for the production of cores for automotive parts from aluminum
alloys. Despite the knowledge accumulated in the use of sodium silicate molding technology, it is not
always possible to predict how a new commercial binder system will behave with untested refractory
sands. Most new generation inorganic binders come in two components, a liquid part (the binder)
and powder additive. The two-component systems were successfully implemented in the large-scale
production of aluminum engine heads and blocks. The additives in the powder component optimize
the sand mixture flowability, hardening rate, core strengths, cores storage, and thermal stability, and
prevent the casting surface from burning on [7,8]. The main aspect of this paper was the analysis of how
properties of one basic coarse sand can be influenced and changed by the addition of a fine sand (AFS).
Basic material was a commonly used foundry sand (A coarse) from a Slovak sand mine characterized
by an AFS grain fineness number (AFS GFN) of 40 (MK 0.39 mm) and a rounded grain morphology.
AFS grain fineness number is a measure of average grain size and represents the number of openings
per inch of a sieve that would pass the average size calculated from the sieve analysis. MK represents
calculated average grain size from sieve analysis [9]. In order to cover a wide variety of sand properties,
four different fine sands with a comparable grain size distribution, but with different properties such
as grain shape, average grain size, and chemical and mineralogical composition were selected.

Sand type A fine is eolic silica sand with a rounded grain shape from the same source as the basic
material [10]. Sand B is silica sand with angular grains, and thus is not commonly used in aluminum
casting technology from a locality in Czech Republic [11]. Sand C is special foundry sand produced by
fusing and super-cooling bauxite in an electric arc furnace. Sand C is characterized with spherical
shaped grains [12,13]. Sand D is artificial sand made of mullite crystals by firing spherical granules.
Both synthetic sands are produced in Asia [13,14]. Table 1 presents an overview, and the pictures in
Figure 1 show the grain shapes and surfaces of the chosen sands for examination.

Table 1. List of tested sands. GEN, grain fineness number.

Type Origin Chemical Composition Main Impurities Grain Shape AFS GFN
. .1s o/ Q: A1203 (1.30/0), K,O +
A Coarse Slovakia Silica (97.6% SiO,) NayO (0.9%) rounded 40
. . .15 o/ Qs Al O3 (2%), K0 +
A Fine Slovakia Silica (96.3% SiO5,) NayO (1.4%) rounded 70
B Czech Silica (99.2% SiO,) K70 + NayO (0.1%) angular 65
. Synthetic bauxite (>85% o .
C Asia ALOs, <10% SiO,) Fe; O3 (<3%) spherical 65
D Asia Synthetic mullite (61% not specified spherical 65

AL O3, 36% SiO;)
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Figure 1. SEM pictures (x50) of tested sand types: (a) sand A; (b) sand B; (c) sand C; and (d) sand D.

2. Work Methodology and Materials

2.1. Sieve Analysis

According to the author’s previous research work [9], combining fine and coarse silica sands in
specific ratios results in an increase of compaction and strength. Within this work, a wider choice
of sands and properties were examined. Sands were combined in 10 wt.% addition steps and fine
sands were added to coarse. Sieve analysis of sands and their combinations was condcuted as well as
measurement of loose sand permeability.

2.2. Permeability Measurement

The permeability was measured using a Simpson digital absolute permmeter (Simpson
Technologies GMBH, Euskirchen, Germany) with base permeability accessory provided by Simpson
Technology. The permmeter determines how easily air can pass through the porous material.
Permeability is determined by measuring the time required for air at AFS standard volume and
pressure to pass through the sand specimen. In contrast to the common procedure, the authors decided
not to measure the permeability of cylindrical core specimens, but of compacted loose sand [15]. With
this procedure influence, factors of core production of the cylindrical core samples (blow pressure,
sand level in core blowing machine, age of sand mixture, and so on) can be excluded, resulting in good
reproducible measurement results.

The base permeability accessory consists of a calibrated metal tube, screen, and compacting weight
(Figure 2) [16]. The tube is filled and the compacting weight is placed on top of the sand. This assembly
is tapped until the compacting weight finishes settling and the sand has achieved its maximum density.
Then, the weight and top portion of the tube are removed and the excess sand is struck off. The gas
permeability number is non-dimensional [17].

Figure 2. Simpson digital permmeter.
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2.3. Bending Strength

The sand mixtures for bending strength and hot distortion measurement were produced with a
two-component inorganic binder system. For all mixtures, the amount of liquid binder was 2.0 wt.%
and the amount of powder additive was 0.9 wt.%. Preparation of the mixture was done accordingly:

e Dry mixing of sands for 60 s;
e  Dry mixing of sands with powder additive for 60 s;
e  Mixing with liquid part of binder for 60 s;

e Storage of prepared mixture in closeable container in order to prevent drying during
samples production.

Samples for measurement of bending strength (170 mm x 22.5 mm X 22.5 mm) were produced
using the Benetlab laboratory core blower (Benetlab s.r.l., Passirano, Italy) (Figure 3) according to
blowing and curing parameters published in the work of [9].

Figure 3. Benetlab laboratory core blower.

The measurement of bending strength is done as a basic characteristic property for molding
materials; it depends on the binder system used and its dosage, as well as on the base material used
and its properties (chemical, mineralogical, grain shape, grain size). In this examination, a universal
strength machine LRu-2e Multiserw Morek (MULTISERW-Morek, BrzeZnica, Poland) (Figure 4) was
used. Measurement was done after 30 s (immediate strength), after 1 h (cold, final strength), and after
24 h (samples were stored in desiccator).

Figure 4. Universal strength machine Lru-2e.

2.4. Hot Distortion Test

The hot distortion test was originally used to control the quality of shell molding materials. In
this test, the behaviour of different molding materials from the point of view of time-dependent
deformation and fracturing can be examined. The principle of the hot distortion test is shown in
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Figure 5. The specimen is fixed on one end and heated from the bottom at the temperature of 1000 °C.
From the obtained curve (height of deformation in time), thermoplastic or brittle behavior can be
evaluated [1].

deformation h

1200 °C

1560 °C //J_
[ |

300 °C
E specimen
F \

gas air mixture

Figure 5. Scheme and principle of the HD (High Distortion) test [1].

Samples for the measurement of hot distortion test (114.3 mm X 25.4 mm X 6.35 mm) were
produced at university of Miskolc using a Simpson Gerosa core laboratory blowing machine (Simpson
Technologies GMBH, Euskirchen, Germany) with the following core blowing and curing parameters:

e  Core box temperature 150 °C with 30 s curing time.

For the hot distortion analysis, the BCIRA measurement device (Simpson Technologies GMBH,
Euskirchen, Germany) of the company Simpson Gerosa was used (Figure 6) [17].

Figure 6. BCIRA hot distortion tester.

3. Results

3.1. Sieve Analysis

The sieve analysis, as a one of the basic tests of every foundry sand, was done for each examined
sand and their combinations. From the sieve analysis, basic information about sand properties can be
obtained. Figures 7-10 present the grain size distribution curves for each tested sand combination and
Tables 2-5 present the basic properties of tested sand combinations obtained or calculated from the
sieve analysis. The authors have chosen the fines content as the measurement value and average grain
size MK, theoretical surface Sy,, and AFS GFN as the calculated characteristics.

Based on the sieve analysis of sands A coarse and A fine (Figure 7 and Table 2), it can be seen that
more than 80% of sand grains of pure sands are distributed over two sieves, which is very desirable
from the point of view of permeability and strength, as combining sands results in distribution over
three to four sieves in the case of a 60:40 and 50:50 combination ratio, which can result in worse
permeability as well as lower strength. Additionally, sand A fine has a high amount of fines content,
and is thus the finest sand in this examination with the highest AFS value and the smallest MK value.
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Figure 7. Grain size distribution curves for sands A coarse and A fine.
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Figure 8. Grain size distribution curves for sands A coarse and B.
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Figure 9. Grain size distribution curves for sands A coarse and C.

The grain size distribution of sand B (Figure 8 and Table 3) shows a smooth distribution of grains
over three to four sieves, which, combined with the angular shape and high amount of fine particles,
is the worst scenario for foundry sand, which can result in low strength, permeability, and flowability

of the mixture.

Figure 9 and Table 4 show the results from the sieve analysis for sands A coarse and C. Sand C
has grain size distribution over three sieves and a very high amount on the sieve with a mesh size of
0.09 mm. This, in the case of artificial sand, is not considered as a problem from the point of view of
obtained strength. Figure 10 and Table 5 present the sieve analysis results for the combination of A
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coarse and D. Sand D is also distributed over three sieves, but on the other hand, its fines content is
around 1%, which, for foundry sands, is suitable.

60

50

40

30

Retained on sieve [%)]

Sieve
pan

14 1 0.71 0.5 0.355 0.25 0.18

Sieve dimension [mm]
——90% A coarse:10% D ——80% A coarse:20% D
—-40% A coarse:60% D

100% D

0.125 0.09 0.063

——70% A coarse:30% D

30% A coarse:70% D

——100% A coarse
——60% A coarse:40% D

~-20% A coarse:80% D

——50% A coarse:50% D
10% A coarse:90% D

Figure 10. Grain size distribution curves for sands A coarse and D.

Table 2. Basic properties of sands A coarse and A fine.

Fines Content

A Coarse [%] A Fine [%] Sin [em?.g71] AFS GFN MK 1 [mm] <0.125 mm [%]
100 0 61.45 42.8 0.387 0.286
90 10 67.70 46.1 0.364 0.281
80 20 71.91 46.5 0.354 0.527
70 30 77.72 48.3 0.332 0.770
60 40 83.24 51.1 0.314 0.729
50 50 93.52 56.6 0.283 1.850
40 60 96.61 60.3 0.270 1.507
30 70 100.57 63.3 0.256 1.507
20 80 104.01 65.4 0.244 1.709
10 90 110.72 68.5 0.221 2.118

0 100 118.24 72.6 0.201 2.368

Table 3. Basic properties of sands A coarse and B.

Fines Content

A Coarse [%] Sand B [%] Sin [em?.g1] AFS GFN MK [mm] o onn [%]
100 0 61.45 42.8 0.387 0.286
90 10 65.29 43.7 0.374 0.446
80 20 71.56 46.4 0.353 0.792
70 30 75.67 47.7 0.339 0.999
60 40 79.33 494 0.326 1.134
50 50 87.00 51.6 0.308 2.273
40 60 90.29 53.5 0.297 2.442
30 70 95.36 56.4 0.281 2.831
20 80 98.23 58.8 0.271 2.691
10 90 101.57 61.4 0.261 3.051

0 100 109.13 66.3 0.239 4.149
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Table 4. Basic properties of sands A coarse and C.

Fines Content

A Coarse [%] Sand C [%] Sin [em2.g~1] AFS GFN MK¢,1c [mm] < 0.125 mm [%]
100 0 61.45 42.8 0.387 0.286
90 10 68.04 45.0 0.363 0.883
80 20 72.44 45.8 0.353 1.567
70 30 78.82 48.5 0.331 2.271
60 40 84.33 49.7 0.319 3.496
50 50 89.32 52.7 0.297 3.270
40 60 93.91 54.6 0.284 4.012
30 70 99.76 57.4 0.267 4.904
20 80 101.67 59.2 0.256 4.496
10 90 107.14 62.4 0.240 5.337

0 100 115.09 67.6 0.220 6.889

Table 5. Basic properties of sands A coarse and D.

Fines Content

A Coarse [%] Sand D [%] Sin [em2.g~1] AFS GFN MK, [mm] < 0.125 mm [%]
100 0 61.45 42.8 0.387 0.286
90 10 66.61 439 0.367 0.415
80 20 71.11 455 0.351 0.375
70 30 75.80 47.8 0.334 0.372
60 40 81.20 50.4 0.315 0.448
50 50 86.83 53.5 0.298 0.725
40 60 92.15 58.2 0.280 0.689
30 70 96.92 61.5 0.262 0.745
20 80 101.49 64.2 0.247 0.758
10 90 106.83 66.9 0.229 0.907

0 100 112.29 69.4 0.211 1.055

3.2. Permeability of Loose Sand

The permeability of foundry sand and thus core or mold significantly influences the quality of the
casting. During metal pouring and cooling, the formation of gases from different sources occurs. Sand
molds and cores must ensure an optimal passage of these gases before melt solidifies, otherwise gas
bubbles can be trapped in the casting, causing, for example, a decrease of mechanical properties [18].

From the results of the permeability measurement (Figure 11), it can be stated that even a small
addition of fine sand to coarse sand decreases the loose sand permeability by 25-40%. The permeability
is steadily almost exponentially decreasing with the addition of more fine sand reaching its minimum
in the pure fine sands. The biggest drop in permeability was observed when mixing A coarse with A
fine. The explanation is that here, the effect of A fine as finest sand with the smallest MK value and
highest fines content resulting in the lowest permeability of the chosen fine sand. One of the added
fine sands shows a significant deviant behavior. When adding up to 20% of C, the permeability stays
on the same high level for pure A coarse. Up to a 50:50 mix of A coarse with C, the permeability stays
on a significant high level. This is noticeable especially in comparison with sand D. Both C and D are
synthetic sands with an almost perfect round grain shape. C has significantly higher fines content than
D and the permeability of pure C is slightly lower than that of pure D.
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Figure 11. Results of the measurement of loose sand permeability.
3.3. Bending Strength

Mixing coarse and fine A sands results in the strength behavior presented by Figure 12. The
minimum strength is reached at 100% A fine sand and local minimums at 100% A coarse and a 50:50
mix. Maximum strength is reached at a 60:40 mix, but high strength is also reached at 70:30, 40:60,
and 30:70 ratios. This was already explained by examining the grain size distribution in the work of [9].

M Initial (30s) wAfter 1 hour w After 24 hours

3.00
2.00
- WM
0.00
INJIRN » D @

SN —\Q N RN N N
NG N b i < I O O
\Q QQ QOQ o\ ‘QQ (,)Q 'D‘Q .\Q ,-,VQ \Q \\

[MPa]
=N
(=3
(=]

=}
.

Bending strength

A-coarse:A-fine ratio

Figure 12. Strength behavior for sand combination A coarse and A fine.

The addition of sand B to coarse A sand had a negative effect on the strength level (Figure 13).
This can be explained by the angular grain shape, and the grain size distribution over three to four
sieves and a high amount of dust, which confirmed the earlier prediction based on the sieve analysis.

M Initial (30s) ® After 1 hour u After 24 hours
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Ll
0.00
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Bending strength [MPa]

\\
N

A-coarse: sand B

Figure 13. Strength behavior for sand combination A coarse and sand B.
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In the case of mixing A coarse and C, almost linear dependence can be seen—the more C added,
the higher the strengths measured (Figure 14). Adding 20% of C leads to an increase of immediate
strength by 22.5%, and 30% addition of C also increases the final strength (after 1 h) by 18.75%. The
final strength of 100% C is higher by 77% compared with 100% A coarse.

M Initial (30s) wAfter 1 hour ® After 24 hours

7.0
£ 6.00
=
ZDAOO
B0 4.00
5 .
£ 3.00
2 2.00
= 0.00
S Q Q Q Q O \}
& D »H S e \« N Q
A NP G‘ '1\' W AN A \\' \\“\

A-coarse:sand C

Figure 14. Strength behavior for sand combination A coarse and sand C.

The high bending strength of bauxite based sand was already observed and described by Iden,
Tilch, and Wojtas for an organic cold box binder [4]. The high bending strength can be explained by
two criteria; on the one hand, the perfect round shape granulometry and, on the other hand, the surface
structure. The round grain shape is the basis for a good compaction and the possibility of a maximum
number of surface contacts inbetween the grains. Furthermore, several of the C type sand grains have
a well-defined surface structure with evenly distributed micro openings, which allow the binder to
penetrate the surface and anchor the binder bridge. Using SEM technology, cohesive type of binder

bridge destruction behavior, typical for inorganic binders, was observed in the analysed sand samples
(Figure 15) [19].

Figure 15. SEM pictures of bonded sand C, (a) X500 and (b) x1000, with a visible cohesive broken
binder bridge.

In contrast to sand C, addition of D into A coarse resulted in a linear dependence, but compared
with the influence of C, it has the reverse effect—the more D added, the lower the strengths (Figure 16).
This is because of the large surface of D and the high water suction capacity of grains [1,12,14]; therefore,
when D is introduced to the silica sand or is used as the base material, the binder amount must be
increased in order to preserve strength level needed, especially when using fine grained D AFS 65.
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Figure 16. Strength behavior for sand combination A coarse and sand D.

3.4. Hot Distortion Test

The hot distortion test was performed only for test bars made of pure sands and their 50:50
combinations. In Figure 17, there are curves obtained by the measurement of hot distortion for pure
sands. From the results, a significant difference between silica and non-silica sands can be seen. D sand
has almost no deformation (0.04 mm), meanwhile fine A sand has almost 20 times higher deformation
(0.76 mm). This can be explained by the completely different chemical and mineralogical nature of
artificial sands, resulting in lower thermal expansion. The distinct thermoplastic behavior of the
cores from the A sand type is remarkable. In contrast to the other sands, which reach the maximum
measurable deformation after 30 or 40 s, A fine reaches the maximum measureable deformation after

60 s, and A coarse after 82 s (Figure 17). A feasible explanation for this behavior was not found within
this investigation.

1.0

0 10 20 30 40 50 60 70 80 90
Time (5] 5 15 2 25 30
g Time
Acoarse Afine sandB  sandC  sandD els]

—A coarse —A fine SandB —Sand C Sand D

(a) (b)
Figure 17. Hot-deformation curves of specimens made of tested sands: (a) general view, (b) detail.

The graph in the Figure 18 displays the results of the hot distortion test for combinations of sands
in 50:50 ratios. As can be seen from the obtained curves, combining coarse sand A with artificial sands
has a positive effect on the significant decrease of the deformation. Combining A coarse sand with fine
silica sands also shows a slight decrease of the deformation and maximizes the thermoplastic behavior.
The 50:50 mixture of sand A coarse and A fine reaches the maximum measureable deformation after
103 s. Figure 19 presents the comparison of deformations for measured mixtures.
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Deformation [mm]

0.2

0 10 20 30 40 50 60 70 80 90 100 110
Time [s]

5 10 15 20 25 30
Time [s]
—A coarse+A fine A coarsetsand B —A coarsetsand C A coarse+sand D A coarse - A fine — A coarse + sand

A coarse ~ sand D A coarse + sand B
(a) (b)

Figure 18. Hot deformation curves of specimens made of mixing sands in a 50:50 ratio: (a) general
view, (b) detail.
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Figure 19. Maximal deformation of tested sands.

It is also important to state that, during the thermal load, test bars with alkali silicate-based
binders do not break immediately after reaching the time of failure in contrast to test bars made of
organic binders. This can be explained by the water glass basis of the binder systems. In contrast
to organic binders, the binder bridge is not decomposing in the oxidation processes at thermal load,
but when reaching its glass transition temperature, the binder becomes semi-fluid, which allows
plastic deformation without breakage. Figure 20 shows deformed test samples after being exposed to
thermal load.

Figure 20. Deformed sample after hot distortion.

4. Summary and Conclusions

In this research work, different types of sand and their impact on basic properties of core and mold
mixtures were investigated. Sands differed in granularity, grain shape, and mineralogical composition.
Basic investigated properties were bending strength, permeability, and thermal stability. Using all
sands as well as their combinations, mixtures with alkali silicate-based two-component binder system
were prepared with the constant binder system amount in order to evaluate only the effect of the
sand/sand combination on the basic observed properties. This research work provided a deeper insight
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into the topic of the impact of sand properties on properties of the core or mold. Figure 21 presents the
final comparison of properties obtained by the use of the tested base materials.
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Figure 21. Final comparison of strength, permeability, fines content, and deformation of base materials.

The sieve analysis provided important information about average grain size, grain size distribution,
and fines content of all tested sands. From this analysis, most favorable results were obtained for silica
A coarse sand. Sand B had very wide grain size distribution and very high fines content. Artificial
sand C had very high amount on the sieve with a mesh size 0.09 mm.

The thermal stability of silica sands is significantly lower than that of artificial sands. The best
thermal stability was detected for sand D.

From the results of mixing A coarse with selected fine sands, the following observations can be
summed up:

e Adding A fine resulted in the largest decrease of permeability, non-linear strength behavior,
minor decrease of maximal deformation, and maximizing the thermoplastic bending behavior of
A coarse;

e Addition of B caused a decrease of permeability and strength and a minor decrease of
maximal deformation;

e Introducing C into A coarse had a minor effect on the drop of permeability up to 50% addition,
bending strength increased significantly, and maximal deformation was reduced;

e Addition of D led to nearly the same decrease of permeability and bending strength as with B,
but maximal deformation was the lowest with this sand.

The investigations show that the addition of a fine sand can lead to an improvement, but also to a
decline of the physical properties of a base coarse sand, depending on the choice of the added fine
sand. This information can help to avoid typical casting failures. The choice and amount of the added
second sand is dependent on the casting challenge.
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