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Abstract: In this study, various parameters which affect the green strength, gas permeability and shear
strength of unused casting sands were investigated in order to improve the quality of casting sands used in
Estas casting foundry. These parameters were chosen as water ratio % (X1), coal powder % (Xz), active
bentonite % (X3) and unused new sand % (X4). Mixture design (MD) method was used in the optimization
studies. At the end of studies, the optimum Xi, Xz, X35 and X4 values, which maximize the compressive
strength (Y1), shear strength (Y2) and gas permeability (Y3) values, were determined as 3.50%, 6.00%, 6.66%
and 83.08%, respectively. Y1, Y2 and Y3 values were determined as 12.7 N/Cm?, 4.0 N/cm? and 66 mmWS at
these optimum X3, Xz, X3 and X4 values.
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Karisim Tasarim Yontemini ile Kullanilmamis Yeni Kum Bilesiminin
Kahiplamasinin Optimizasyonu

Ozet: Bu calismada; Estas dokiim fabrikasinda kullanilan yeni dokiim kumlarinin kalitesinin artirilmast igin
dokiim kumunun yas mukavemet, gaz gecirgenligi ve kesme mukavemetini etkileyen parametreler
incelenmistir. Bu parametreler % nem oran1 (X1), % komiir tozu (X2), % aktif bentonit (X3) ve % yeni kum
miktar1 (X4) olarak secilmistir. Optimizasyon g¢alismalarinda karigim tasarim (KT) yontemi kullanilmustir.
Yapilan caligmalar sonucunda yeni kum kullanilarak hazirlanan dékiim kumunun optimum kompozisyonu X
(%3,50), X2 (%6,00), X3 (%6,66), X4 (%83,08) olarak belirlenmistir. Bu optimum kompozisyonda hazirlanan
kumun basma mukavemeti (Y1) 12,7 N/cm?, kesme mukavemeti (Y2) 4,0 N/cm? ve gaz gegirgenligi (Y3) 66
mmWS olarak dlgiilmiistiir.

Anahtar Kelimeler: Yeni kum bilesimi, optimizasyon, karigim tasarim yontemi.

1. INTRODUCTION

which is naturally found in sand or added into

The main objective of the materials using for
fabrication of sand mold in casting foundry is to
give the net shape of casting cavity and keep
this shape up to complete solidification of
molten metal. The components required for
mold are sand, coal powder and water. Sand
provides refractory property while coal powder,
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the sand later, provides low surface roughness
(better surface quality) of the cast parts due to
inhibition of burning of sand. Besides, water is
used for making the sand the suitable material
for molding.

The quality of casting sand is determined by the
properties of mold such as, compressive
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strength, shear strength and gas permeability,
which depend on the ratio (%) of mold
components. Green (compressive) strength
means that the strength of mold after the
addition of water into casting sand. The shape
and size of the sand particles, the type and
amount of binder (bentonite), humidity ratio are
some factors that affect the green strength.
Meanwhile, shear strength also depends on the
same factors. In other words, the effects of
these factors on green and shear strengths are
very similar. Gas permeability is the capability
of air, gas and vapor permeability in casting
sand. Also, gas permeability depends on the
shape and size of the sand particles, the
amounts of binder and humidity[1, 3].
However, the most effective parameter for the
properties of casting sand is the binder called as
“bentonite” which results in binding of sand
particles each other thanks to be activated by
humidity. For example, both of bentonite % and
humidity % should be increased in order to
increase green strength, however, decrease in
the gas permeability of sand should be taken
into account at the same time [2].

In literature, suitable optimization methods
together with experimental designs were carried
out for recycling sand by taking into
consideration of the inverse ratio between
expected properties of casting sand and the
components % in casting sand and optimum
compositions for casting sand were arisen [2, 5,
6]. But there is not any study in the literature
about new unused fresh mould sand.
Experimental design is a statistical method used
for determining the most suitable experiments
in order to provide consistency with a specific
mathematical model. Moreover, it is an
effective way to ensure obtained results which
are acceptable and objective results [4, 6, 7].
The compositions and process parameters of
unused new fresh casting sand in foundry were
optimized through Taguchi method in literature
[5]. A formulation was computed to determine
optimum values for process and interaction
factors (humidity ratio, green strength, particle
size, gas permeability, hardness of mold) by

performing very few experiments in a previous
work. As a result, it was reported that the
casting defects decrease by 37.66 % [5]. In
other work, experimental approach was
considered for all process parameters, which
were bentonite %, mixing time and
compactability. As a result, bentonite ratio,
mixing time and compactability were estimated
as 9%, 11 minutes and 45, respectively. It was
reported that these were optimum values in
respect to maximizing green compressive
strength and gas permeability together with
required minimum value for green tensile
strength as well [4].

In this study, it was aimed that increasing
molding efficiency and also decreasing the cost
of final machining of casting pieces through
Mixture/D-Optimal method, which is used for
reducing the number of experiments required
for preparing casting sand. Comparison with
previous optimization studies, the results
obtained by Mixture/D-Optimal method could
be used for all foundry factories. Besides,
recycled sand wusing for several casting
processes was preferred in previous works
[8,9]. However, the unused new fresh sand,
which was never used for any casting
procedure, was preferred for the first time in
this study in order to determine the casting sand
composition  with  optimum  values by
Mixture/D-Optimal method.

For this purpose, the mathematical models
including green compressive strength (Y1),
shear strength (Y2) and gas permeability (Y3) as
a function of water ratio % (X1), coal powder %
(X2), active bentonite % (X3) and unused new
sand % (X4) were estimated in this study. By
using these models, X1, Xz, X3 and Xavalues that
maximize Y1, Yz and Ysvalues of casting sand
were obtained.

2. EXPERIMENTAL PROCEDURE
2.1. Materials and Method

Technical information and ingredients of using
raw materials in this study were shown in Table
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1. Experimental methods were carried out for
several steps. Firstly, 5 kg of batches was used
for each step in order to ensure homogenous
mixing of casting sand. Batches were mixed for
3-4 minutes with constant rotational speed in
laboratory type sand mixer. 5 gr of samples
from mixed batches were taken place into
infrared drying device in order to determine the
humidity. Humidity value of sand should be
close to that of defined in experimental design.
145 g of samples from batches were then taken

Table 1. Technical data and ingredients of raw materials.

place into the universal strength device and
molded. After that, green strength and shear
strength values were determined. 145 g of
samples were also taken place into the
measuring. The gas permeability values were
also determined by using gas permeability
device from 145 g of samples tested for 40-60
seconds.

Silica sand Coal powder Bentonite
Particle Size (AFS) 63.84 Amount of Carbon(%) 61.22 Humidity(%) 10.44
Sintering temperature (°C) 1500  Ash (%) 23.10 Montmorillonite (%) 81.00
LOI (%) 0.20  Volatile matter (%) 32.80 Green compressive strength (N/ cm?)  7.00
Clay (%) 0.20  Sulphur (%) 0.74  Green tensile strength (N/ cm?) 0.25
Humidity (%) 0.25  Humidity (%) 5.80  Swelling index (ml) 13.75

3. RESULTS and DISCUSSION

Experimental steps and process conditions were
carefully determined to ensure that the
experiments could be carried out at optimum
and homogenous experimental conditions.
Therefore, optimization limit values were
estimated by Mixture Design, which is a type of
response surface methodology used for
optimizing mixture, during our preliminary
work. D-Optimal, which is one of sub-design
option in Mixture Design, was preferred for
preparing the casting sand procedure. On the
other hand effects of process variables on the
physical properties of casting sand together
with interaction of process variables each other

can be determined by statistical experimental
design. Intervals for process variables
determined in preliminary work were (3.50 <
X1<4.60), (4.50 < X< 6.00), (6.50 < X3< 8.00)
and (81.40 < X4< 85.50). Designed experiments
by using these intervals were shown Table 2.
Casting sands were prepared based on the
experimental design and then tested. Also,
experimental strength and gas permeability
results were compared with estimated ones in
Table 2. The results obtained via mathematical
model and experiments were found to be
consistent each other.
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Table 2.Experimental sets and results obtained via D-Optimal Mixture Design Method.

Amounts of variables / %

Experimental Results

Estimated Results

4 Y1Compres Y2 Y3 Y1 Y2 Y3 Gas
Experi X1I-_|um|d X2 Xs _ Xa sive Shear Gas_ ) Comp. Shear Perm.
ment ity Coal Bentonite New Sand  Strength  Strength Permeability  Strength ~ Strength (mmW
(N/cm?)  (N/cm?)  (mmWS) (N/cm?)  (N/cm?) S)
1 3.77 5.62 6.87 83.72 111 35 62 10.95 3.53 61.6
2 4.32 4.87 6.87 83.92 9.9 33 60 9.50 3.12 62.9
3 3.50 5.25 8.00 83.25 133 43 58 13.33 4.34 57.1
4 4.60 5.25 6.50 83.65 8.9 3.0 59 8.58 2.94 60
5 4.60 5.25 7.25 82.90 10.4 34 55 10.35 33 57.2
6 3.77 4.87 7.62 83.72 12.1 4.0 60 12.00 3.86 62.8
7 4.60 4.50 8.00 82.90 11.8 3.9 59 11.38 3.87 59.2
8 4.05 5.25 8.00 82.70 13.2 45 57 12.56 4.03 57.3
9 4.05 6.00 6.50 83.45 10.4 3.4 59 10.17 3.35 62.4
10 4.60 4.50 6.50 84.40 8.5 3.0 61 8.34 2.89 62
11 3.50 4.50 6.50 85.50 8.8 3.0 64 9.58 3.14 64.8
12 3.50 6.00 8.00 82.50 135 44 54 13.44 437 54.3
13 3.50 5.25 6.50 84.75 10.2 33 62 10.38 3.35 64.1
14 4.60 5.25 8.00 82.15 12.1 4.0 56 12.12 4.02 53.6
15 4.05 6.00 7.25 82.70 125 3.8 58 11.66 3.68 58.1
16 4.05 4.50 6.50 84.95 9.2 31 66 8.79 3.0 65.3
17 3.50 6.00 7.25 83.25 12.3 39 61 12.48 4.02 57.6
18 4.32 5.62 7.62 82.42 11.7 3.7 55 11.81 3.73 56.3
19 4.05 4.50 8.00 83.45 11.9 3.8 63 12.30 3.99 64.4
20 3.77 5.62 7.62 82.97 12.3 3.8 55 12.34 3.94 57.3
21 4.60 6.00 7.25 82.15 11.3 3.6 55 11.18 35 54.7
22 3.50 5.25 7.25 84.00 11.9 3.6 60 11.86 3.86 61
23 3.50 4.50 7.25 84.75 13.3 45 65 11.57 3.79 67.2
24 4.32 4.87 7.62 83.17 114 3.8 61 11.17 3.59 60.5
25 3.50 4.50 8.00 84.00 12.8 4.2 68 13.57 441 65.8
26 3.50 6.00 6.50 84.00 11.6 3.9 63 11.52 3.65 63.2
27 4.60 6.00 8.00 81.40 13.2 4.1 54 13.20 4.27 53.9
28 4.60 6.00 6.50 82.90 9.1 3.0 59 9.17 3.08 57.8
29 4.05 4.50 7.25 84.20 10.2 31 68 10.55 3.41 66.8
30 4.05 6.00 8.00 81.95 12.6 42 56 13.15 4.17 56.2
31 4.32 5.62 6.87 83.17 9.1 31 62 10.09 3.25 59.6
32 4.60 4.50 7.25 83.65 9.1 3.0 64 9.86 3.2 62.5
33 3.77 4.87 6.87 84.47 10.2 31 71 10.29 3.36 64.9
34 4.05 5.25 6.50 84.20 8.9 3.0 68 9.31 3.13 63.9

3.1. Statistical Analysis of Experimental
Data:

Equations predicated by mathematical models
defined green compressive strength (Y1), shear
strength (Y2) and gas permeability (Y3) values
were shown together with and their coefficient
of determination (R?) values in Table 3. These
equations were used for obtaining estimated
results shown in Table 2. R? is a statistical
measure of how close the data are to the fitted
regression line. It is also known as the
coefficient of determination, or the coefficient
of multiple determination for multiple
regression. The definition of R? is fairly
straight-forward; it is the percentage of the
response variable variation that is explained by

a linear model as shown in Figure 1. R?in the
Table 3 indicates that a model fits the response
data well, in other words, variations between
the experimentally observed values and model’s
predicted values are small and unbiased. The
higher the R? values in this study meant that
there was a good correlation between
independent input variables of obtained
mathematical models and output response.

Plotting responses simulated by mathematical
models versus experimentally observed ones
were graphically illustrated in Figure 1.The
fitted values were found to be close to the
observed ones since the regression models
accounted for 89.54 %, 81.48 % and 76.82 %
for Y1, Y2 and Ys, respectively. That is, there
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was a good correlation between results obtained
via mathematical model and the real ones.

Table 3. Simulated Mathematical Models.

Mathematical Models R?
Y1 = 91.40X:+ 62.93X5 +26.61X3 — 1.69X4 — 9.57X1 X2 — 6.70X1 X3 89.54 %
—0.55X1X4 — 5.55X5X35 — 0.29X2X4 + 1.23X1X2X3 81.48 %
Y2= —156.68X1 + 16.03X, — 84.17X3— 1.36X4 — 0.32X1X>
+ 25.59X1 X3 + 1.98X1 X4 — 0.30X2X5 — 0.085X3Xs + 1.11X35Xs — 0.31X1X35X4 76.82 %

Ys= —478.0X1 — 1802.7X, — 1499.16X3 — 22.30X, + 4.

83X1 X2

+ 7.41X 1 X3 + 6.30X1 X4 + 292.35X,X3 + 23.22X3X4 + 19.38X3X4 — 3.55X,X3X4

Estimated Results
I

Experimental Results

8
|

Estimated Results

Estimated Results

r mn
]

a0
Experimental Results

s ey .
Experimental Results

Figure 1. The comparison of estimated and observed responses for (a) Y1,(b) Yzand (c) Ys.

Variance analysis (ANOVA) was used for
determining simple and interactive effects of
experimental ~ parameters on  responses.
ANOVA analysis for Y1, Yzand Ysvalues were
shown in Tables 4-6.

P value is a statistical measure that determines
whether or not a parameter or its interaction
was effective on the response. If P value is
lower than 0.05 (5% of probability value) by
considering 95% of the confidence bounds, the
variables of experiment have statistically
meaningful effect on the results [7]. For

instance, P-value for Yiwas calculated as
0.0001 based on the F test value was 22.8338.
P-value was lower than 0.05 exhibited that the
mathematical model for Y: including
percentages variables (Xi/Humidity, X,/Coal,
Xs/Bentonite, = X4/Sand)  explained Y;
(compressive strength) response very well.

In addition, R* and adj. (adjusted) R? values
were close to 1 meant that there was a good
agreement with independent variables in
mathematical model and response. R* and adj.
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R? values for Y; were, respectively, 0.89543 compared with that of Y1 or Y, due to lower
and 0.8562 depicted that clarity of experimental R?= 0.76826 of Y.

process was 85.62 %. The similar situation was

valid for Y, and Y; variables as well. However,

the representability of mathematical model for

Y3/Gas permeability was observed to be lower

Table 4. ANOVA results for Y1 (Compressive Strength).

Source SS df MSS F Value Prob>F
Model 72.4403 9 8.04892 228338 <0.0001 significant
Linear Mixture  70.1914 3 23.3971 66.3747 <0.0001
XXz 0.75017 1 0.75017 2.12813 0.1576
X1X3 0.45225 1 045225 1.28296 0.2685
X1X4q 0.1894 1 01894 0.53731  0.4706
X2X3 1.33099 1 1.33099 3.77585 0.0638
XaXy 0.1894 1 01894 0.53731  0.4706
Residual 8.46002 24 0.3525
Cor. Total 80.9003 33
R? 0.89543
Adj.R? 0.85621
Pred. R? 0.75158
Adeq. Precision  16.2428
Table 5. ANOVA results for Y2 (Shear Strength).
Source SS df MSS F Value  Prob>F
Model 6.42567 8 0.80321 13.7488 <0.0001 significant
Linear Mixture 6.14838 3 2.04946  35.0812 <0.0001
XXz 0.11779 1 0.11779 2.01626  0.1680
X1X4 0.09975 1 0.09975 1.70746  0.2032
XaX3 0.107 1 0.107 1.83149 0.1881
XoXa4 0.01361 1 0.01361 0.23295 0.6335
X1X3X4 0.19172 1 0.19172 3.28167 0.0821
Residual 1.46051 25  0.05842
Cor. Total 7.88618 33
R? 0.8148
Adj.R? 0.75554
Pred. R? 0.64764

Adeg. Precision  12.2218
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Table 6. ANOVA results for Y3(Gas Permeability).

Source SS df MSS FValue Prob>F

Model 502.802 8 62.8502 10.3598 < 0.0001 significant
Linear Mixture 418.6 3 139.533 22.9997 < 0.0001

XXz 143178 1 14.3178 2.36004 0.1370
X1Xs 18.2688 1 18.2688 3.0113 0.0950
XXy 249796 1 249796 4.11746 0.0532
X3Xy 145269 1 14.5269 2.39452 0.1343

XoX3X4 41.3765 1 41.3765 6.8202 0.0150

Residual 151.669 25 6.06675

Cor Total 654.471 33
R? 0.76826

Adj. R? 0.6941

Pred. R? 0.61931

Adeq. Precision  10.5332

3.2. Effects of Experimental Variables on the
Physical Properties of Casting Sand

@
T

~
n

Effects of percentages of humidity, bentonite
and coal on the compressive strength were
shown in Figure 2. Compressive strength

increased clearly by increasing amount of ‘ ] ‘ e
bentonite together with decreasing humidity Humidity | ___(ff_al-ﬂﬂ~$t: ;9?;2;’1“3
level. Increase in compressive strength was A Y
explained that binding of sand particles each Bentonite ?v;z"“-\v_ﬁj_; Hu(!mf;“
other due to active bentonite. In addition, ©3 o -
compressive strength decreased when the o)

humidity was higher than 3.5%, which was

upper limit for activating of bentonite. The

binding capability of bentonite got worse due
the higher the humidity. On the other hand, the
amount of coal was found to be no influence on
the compressive strength.

o
~

e S W 4

85

Compressive strength

%(5.55) T~

Figure 2. 3D response-surface graph for the effects of
variables on the compressive strength.

Effects of percentages of humidity, bentonite
and coal on the gas permeability were shown in
Figure 4. When humidity level was at minimum
as seen in Figure 4, gas permeability was
observed to be minimum as well. Besides, gas
permeability reached to peak value with
increasing the humidity up to a certain level,
however, decreasing trend in gas permeability
was observed due to further increase in
humidity level. The lower the humidity ratio
gave rise to decreasing the activation of
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bentonite, therefore, surfaces of sand particles
were not wrapped well due to insufficient water
ratio and also inactive bentonite occupied the
pores encapsulating between sand particles. On
the other hands, gas permeability decreased
because residual water which was not absorbed
by the bentonite due to higher water ratio
occupied the pores encapsulating between sand
particles as well. In addition, gas permeability
decreased with increasing the amount of the
coal since pores between sand particles was
filled by the coal due to its finer particle size.

Humidity | Coal % (4.5)§ - | Bentonite %
%(5.55) S~ - .. (8.33)
~ ‘ =
Ber_uonite % o~ : '4'Hu:r1idi[y
6.5) - 7 %@35)

~_ |
~JL/

Coal % (6.33)

Figure 4. 3D response-surface graph for the effects of
variables on the gas permeability.

Optimum conditions that maximize
compressive strength, shear strength and gas

permeability were determined via Mini Tab
software. The results of validation experiments
done at optimum conditions were shown in
Table 7. The experimental and simulated values
were found to be consistent each other. It
proved that the model revealed meaningful
results at determined intervals for water ratio %
(X1), coal powder % (Xz), active bentonite %
(X3) and unused new sand % (Xa). In other
words, how compressive strength, shear
strength and gas permeability of casting sand
could be varied by using these models.

Table 7. Estimated and experimental results for optimum values obtained by Mixture Design Method.

- . Comp. Shear Gas Estimated  Estimated  Estimated
Humidity = Coal Bentonite Sand
% % % % Strength(  Strength( Perm. Comp. Shear Gas
N/cm?)  N/cm?)  (mmWS)  Strength Strength Perm.
35 4.5 8.0 84.0 12.7 4.0 66 135 4.4 65
35 6.0 6.6 83.8 11.2 35 63 11.6 3.7 62

4. CONCLUSION

In this study, the physical properties of casting
sand were enhanced by changing the amounts
of the components in casting sand used in
foundry factory. In this respect, how the
amounts of sand, bentonite, coal and humidity
affected compressive strength, shear strength
and gas permeability of casting sand were
determined. Optimization studies for new
(unused, fresh) sand were carried out through

experiments and analysis compatible with
experimental designs. The results that obtained
were concluded below:

1. Literature investigations were carried out
for the optimization studies for new sand
in order to determine upper and lower
bounds of variables forming casting sand.
The intervals of variables for new sand
were determined as (3.50<X;<4.60),



Kul et al. / Cumhuriyet Sci. J., Vol.39-2 (2018) 515-523

(4.50<X2<6.00),
(81.40<X4<85.50).
Various tests for sand were done based on
the experimental designs established by
using intervals of variables. As a result of
experimental studies, the composition of
new sand was determined as 3.5 % for X,
6 % for X5, 6.66 % for X3, 83.08 % for Xg,
respectively. Compressive strength, shear
strength and gas permeability of casting
sand were found to be, respectively, 12.7
N/cm?, 4 N/cm?and 66 mmWS at the
optimum conditions. Furthermore, it was
observed that efficiency of casting sand
increased in ESTAS Inc. Obtained
experimental results were adequate and
acceptable for industrial usage according
to literature arguments.

The consistency in the results of regression
and surface graphs in ANOVA analysis
indicated that the method we used in this
study was a promising method for similar
works due to reliability.

(6.50<X3<8.00),
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