v. 4, n. 20,2024

All content in this magazine is

licensed under a Creative Com-

mons Attribution License. Attri-
—~ | bution-Non-Commercial-Non-
'| Derivatives 4.0 International (CC
BY-NC-ND 4.0).

QUALITY IMPROVEMENT
OF A CASTING PROCESS
USING DESIGN OF
EXPERIMENTS

Ramoén Angel Pons Murguia

PhD. Lecturer. Researcher. Faculty of
Industrial Engineering. University of
Guayaquil

Eulalia Maria Villa Gonzdlez del Pino
PhD . Lecturer. Researcher. Faculty of
Industrial Engineering. University of
Guayaquil

Yanko Bermiidez Villa
Lecturer. Researcher. Faculty of Industrial
Engineering. University of Guayaquil

Janeisy Herndndez del Sol
Lecturer. Researcher. Faculty of Industrial
Engineering. University of Guayaquil

T ——— -



Abstract: Quality improvements of castings
which do not meet the acceptance specifications,
request to identify the process parameters
related to the defects and its levels. This
research work, was aimed to optimize the
production of pump impellent -castings
using the Response Surface Methodology
approach in a foundry producing grey
cast iron components. Process factors like
clay percentage, moisture percentage and
mold hardness were found to be dominant
factors for the production process control.
Three different levels of each factor were
considered for experimentation. Statgraphics
Centurion Statistical Software was used to
optimize process parameters. Significant
parameters were identified by means of an
Analysis of Variance (ANOVA) test. Parameter
optimal settings obtained and validated
from confirmatory experiments, produced
a high per cent of defect free pump impeller
castings. The research concluded that careful
adjustment of process dominance parameters
is necessary, since they have significant effects
on quality improvement of castings produced.

Keywords: Design of Experiments, Quality
of Castings, Response Surface Methodology,
Analysis of Variance (ANOVA), Optimization.

INTRODUCTION

Most of the pumping and allied components
in todays world are produced by metal
casting. Sand casting is the oldest method of
producing castings in which a molten metal is
poured into the mold cavity made of sand. The
essential components of sand casting process are
sand (Silica), clay (bentonite), and water. The
silica sand is bonded with clay and water to
mold the sand. The silica sand can be used for
a number of times but each time, it is required
to add clay and water in a sufficient amount to
aid bonding strength. Variation in bonding
strength of sand would produce defects in
castings. Optimal settings can be defined
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as the best level of process parameters that
produce the desired response (good quality
castings). Optimal settings can be obtained
with parameters of predominance factors
such like green strength, moisture content,
permeability and mold hardness using Design
of Experiments (DOE) and Response Surface
Methodology (RSM) (1). Other methods like
Taguchi approach can be used to determine
the best parameter settings for the green sand
casting process (2), (3), (4). Casting defects
can be analyzed using DOE to improve yield
(5), (6), (7). Central composite design of
experiments can be applied to investigate the
effects of predominance factors like bentonite,
water, curing time and sand mixture on sand
mold properties (8). Mixture experimental
design and response surface methodology
can be used to optimize the composition of
the molding sand mixture for reducing the
number of casting defects (9). A strategy to find
optimum values of process factors in casting
process and a considerable improvement in
reduction of casting defects was achieved in
this research. It provided an insight on the use
of Box Behnken Design of Experiments and
Response Surface Methodology (RSM) in the
iron casting sand mold process for eliminating
defects and improve the quality of castings.

MATERIALS AND METHODS

A Pareto chart is often used to know
the most frequently occurring defects, the
most common causes of defects or the most
frequent causes of customer complaints (10).
A Pareto analysis was constructed with six
months production data of the EF- 300 pump
impeller castings. The Pareto chart revealed
that blow-hole defect is the key defect that
recur and account for the loss in quality of
the castings produced as shown in Figure 1.
The quality of this experiment was analyzed
by using an Ishikawa diagram. This diagram
is a tool for identifying the root causes of
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quality problems (11). Ishikawa diagram
helps to identify the key parameters affecting
the quality of castings during production. Key
parameters namely clay content, moisture
content and mold hardness were identified
from an analysis of the Ishikawa diagram
shown in Figure 2, by means of hypothesis
testing.

For carrying out the experiments, following
steps were adopted in each setting of mold
preparation for pump impeller castings. A
mass of 400 kg of fresh dry molding sand was

taken for each experimental setting.
Quantities of clay such like 8 kg, 12 kg and
16 kg were added along 12 liters, 16 liters and
20 liters of water to molding sand per each
requirement. The mold hardness was kept in
the range between 70 and 90 psi (5 to 6 kg/
cm?) so that permeability was maintained
within acceptable limits. Mold hardness was
tested by means of a portable mold hardness
tester which has a steel ball indentation that
ranges from 0 to 100 psi.

The molten metal was poured into molds
and then allowed to cool and solidify to
form castings. With each parameter setting,
twenty cast impellers produced.
Visual inspection was carried out for defect
identification of cast components. Defective
components were separated from the good
ones.

The experimental runs were conducted
according to the design matrix of a Box-
Behnken DOE. This is a rotatable second-
order design based on a three-level incomplete
fractional factorial design. The arrangement
of design levels allows the increasing of design
points at the same rate of the polynomial
coefficients. For example, in the case of three
factors, the design can be constructed as three
blocks of four experiments consisting of a full
two-factor factorial design with the level of
the third factor set at zero.

A response surface method, based on the

were
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Box-Behnken design, was used in this research
to carry out the optimal design of the EWMA
control chart parameters, A and L, while
there was no shift in the process. The main
objective was to optimize the composition
of the new molding sand, clay and water to
achieve process quality improvement. The
levels of the new molding sand, clay and water
were 90-99%, 4-6% and 6-10%, respectively.
These levels were selected from literature
and foundry experience. The surface of the
iron castings was analyzed qualitatively by
the quality people of the company and the
hardness test was conducted using a Rockwell
hardness testing machine in the laboratory.
In this study, the goal was to optimize the
response variable y (defect free components).
It was assumed that the independent variables
like clay percentage, moisture percentage and
mold hardness are continuous and controllable
by the experimenters with negligible errors,
to find a suitable approximation for the true
functional relationship between independent
variables and the response surface. Usually a
second-order modelisused inresponse surface
methodology. The objective of this study is
to minimize the defects of cast components
that will reduce rejects. Present study made
emphasis on the development of an empirical
relationship for correlating process factors
like clay percentage, moisture percentage and
mold hardness which are predominant in
predicting the quality of castings. Parameters
have been optimized applying the response
surface methodology to data obtained from
experiments. The adequacy of the model
was also tested by means of an Analysis of
Variance (ANOVA). Numerical optimization
of process parameters was achieved for
quality control of castings. The effects of
process factors like clay percentage, moisture
percentage and mold hardness on quality of
castings, were studied by means of 15 runs of
a Box-Behnken experimental design. Levels
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Figure 1 Pareto analysis of the percentage of defects in castings
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Figure 2 Ishikawa Diagram for casting defects analysis

Defective components
Fun Clay ( %o} Moisture { 249) Miold Hardness 20
Order {k='cm2)

1 3 3 L] 30
2 2 3 5.5 10
3 3 3 3 20
4 3 4 3.5 20
B E] 5 3 30
6 2 4 L] 20

7 2 4 0

5 3 4 35 25
9 4 4 5 30
10 3 4 35 20
11 4 3 3.5 20
2 2 3 3.5 10
13 4 3 59 20
14 3 3 30
15 4 4 5 20

Table 2 Experimental Results of the Box-Behnken Design




of each factor are shown in Table 1. Design
analysis and parameter optimization were
conducted using the Statgraphics Centurion
V. 16 Statistical Software Package (12).

In order to study the effects of process
parameters on quality of castings, a
second order polynomial response surface
mathematical model was developed. The
model was:

y = b0 + blx, + b2x, + b3x, + bdx, x +

b5x1 x3+ b6x2 x3+ b7x12+ b8x22+

b9x32+ Error (1)
Process Factor Levels
Factors Level 1 Level2| Level 3
Clay (25) 2z 3 4+
Moisture 3 4+ 5
(%a)
Oold
hardness
(kg/cm2) 5 = E G

Table 1 Levels of process factors

RESULTS

The results obtained by conducting the
Box-Behnken DOE are shown in Table 2.

Table 3 summarizes the best analysis of
variance (ANOVA) for the response surface
quadratic model. It is noted that the clay
percentage and mold hardness which have less
than 0,05 P-values are statistically significant
at 95% confidence level, when the P-values of
regression model are considered. Hence it can
be understood that clay percentage and mold
hardness are major contributing in controlling
defects of castings than moisture percentage.

P-values less than 0,05 indicate model
terms that are significant. In the experiment,
A, C, A2, C2 are significant model terms and
p-values greater than 0.1000 indicate the
model terms that were not significant. P-value
greater than 0,05 for lack of fit indicates that
the model is suitable for predicting future
response values. The value of the adjusted
R-square statistic indicates that 81,1916 per
cent of the total variability is explained by the
model.

Hence, a second order polynomial model
equation can be used to find a suitable
approximation for the functional relationship
between the process parameters and the
response surface. The regression equation
reveals the relationship between each of the
parameters i.e., clay percentage, moisture
percentage and mold hardness using the
experimental data. This equation in turn can
be used to estimate the expected values of the
response.

Coeficcient Estimate
constante 68125
AClay 71.25
B:Moisture -29.5813
CMold Hardness |-278.333
AA -10.8333
BB 4.16667
CC 26,6667

Table 4 Least Squares Estimates of Regression
Coefficients

% Defective components = 681,25
+ 71,25*Clay - 29,5833*Moisture -
278,333*MoldHardness-10,8333*Clay/2
+ 4,16667*Moisture/2 + 26,6667*Mold
Hardness/2 (3)

MODEL VALIDATION

The main purpose of this step is to predict
and verify the response using the optimum
values of the process parameters involved
in the experiments. Normal probability plot
of residuals and plots of the residuals versus
predicted responses for defective per cent are
shown in Figure 3 and Figure 4, respectively.
Figure 3 revealed that the residuals almost
fall in a straight line meaning that the errors
are normally distributed. Figure 4 revealed
that there is no unusual pattern or structure
affecting variance stability.
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NUMERICAL OPTIMIZATION

The aim was to minimize defective components
in pump impeller castings. From Table 5,
it was noted that the optimal solution (best
setting of parameters) minimized the defect
percentage to the estimated value of 1,63 %.
This also was observed from the estimated
response surface plot shown in Figure 5.

Factor Low |High |Optimun
Clay (%) 20 | 40 2.0
Moisture (%) 3.0 | 5.0 | 3.55006
Mold Hardness 5.0 | 6.0 521874
(kglem?®}

Optimun Response Value [1.63021
(%a)

Table 5 Optimun Value of the Response
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Figure 5 Estimated Response Surface Contours
Plot

CONFIRMATION EXPERIMENTS

The main purpose of these experiments
was to validate if the best setting obtained
from the experimental runs is likely to achieve
defect free castings. A set of 12 confirmation
experiments conducted four times with the
optimal setting produced 48 samples of pump
impeller castings. Inspection revealed that 96
per cent castings were found to be defect free.

Therefore, the estimated setting may be
taken as optimal for producing large quantities
of pump impeller castings with minimal
defects. The use of higher clay content and
mold hardness with a moderate moisture
percentage led to the quality improvement of
castings shown in Table 6.

CONCLUSIONS

In this research, parametric optimization
for quality improvement of EF- 300 pump
impellers was performed by means of the
Response Surface Methodology using a Box-
Behnken design of experiments. Experiments
were conducted in a foundry producing
pump components. The main process factors
that were responsible for producing casting
defects of pump components were identified
as proportions of clay, moisture and mold
hardness. Each factor was analyzed with three
different levels according to the design matrix.
The contribution of factors using an ANOVA
test to estimate their main and Interaction
effects was also studied. ANOVA tests
revealed that proportion of clay and mold
hardness parameters were highly significant
in casting process quality improvement. These
parameters were noted to be more critical in
producing quality cast components.

The optimized parametric
determined by Statgraphics
Software was:

Clay (2%), Moisture (3,55 %), Mold
Hardness (5,22 kg/cm?).

Confirmation runs validated that the
optimized parametric setting is likely to
achieve an improved process performance of
96 per cent defect free castings with respect
to a previous one of 71,4 per cent, before the
improvement actions were implemented. This
research confirms how useful is design of
experiments in process improvement.

setting
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Figure 4 Residuals versus Predicted Values for percentage of defects in castings

St = Current Optimal
e g actor Range Range
ngeng
e
1 Clay Percentage 1 2
2 Moisture Percentage 4 3.55
3 Mold Hardness kg/cm?® } Not measured 522
Per cent of defect free castings 714 96,
o

Table 6 Quality Improvement of Castings

Source Sums of Squares df  |Mean Sgquares  |F- Ratio | P-values
A:Clay 3125 1 312.5 37.50 0.0256
B:Moisture 1125 1 1125 13.50 0.0667
C:Mold Hardness 4500 1 4500 54.00 00180
AA 433,333 1 433,333 52.00 0.0187
BB 64,1026 1 64,1026 7.69 0.1091
cc 164,103 1 164,103 19.65 0.0472
Lack of fit 1750 6 291667 3.50 02388
Pure error 16.6667 2 833333

Total (corr.) 178333 14

R-square = 89,2523 per cent R-square (adjusted by d.£)= 81,1916 per cent

Table 3 Best ANOVA for Response Surface Quadratic Modeling
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