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Abstract— Optimization of sand casting process
involves the adjustment of parameters as well as ¢h

improvement of optimization process procedures
and measures. Analysis of various critical process
parameters and the interaction among them: is
carried out with the help of Taguchi's method of

experimental design. This paper proposes an
innovative method, a process window approach
(PWA) based on the Theory of Inventive Problem

Solving (TRIZ) is to make the analysis more precise
and validate the robustness of a casting process
optimization. The successful validation of

optimization demonstrates the feasibility of the

proposed method. This article hopes to provide
foundry personnel with innovative design ideas
under practical applications.
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Optimization is a mathematical disaipliand
it comprises a wide variety of techniques which are
used to improve business processes practicallyl in a
industries. In foundries, the commonly used process
optimization methods, include trial and error, éne
and non-linear methods, numerical simulation
method, Taguchi design, grey scale and RSM method
have been reported (Chi-Hui Chien[3]; Ghani[4].
However, all of these methods provide limited
improvement of quality and economy for castings
because they are only able to deal with sequential
procedures, waste of substances and using of
specified expensive software. In fact, the optitiiza
of casting process involves not only the adjustneént
parameters, but also the improvement of optiminatio
procedures and measures. Therefore, the optimizatio
procedures and measures must be taken to obtain
adoptability in the optimization process by using
theory of inventive problem solving method. The
theory of inventive problem solving (TRIZ), one of
the most important innovation theories, is capaible
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pointing out directions and approaches for solvingnethod is compared with PWA and validated in a
technical problems. The Taguchi procedures has beéoundry.
shown to be an efficient and effective for achigvin

the optimum set of operating parameters for the
particular product quality characteristic. Base€tfm Orthogonal array

report given in the literature, the Taguchi anayisr  Experience reveals that nonlinear behavior amoeg th
experiments is more expensive and it requireparameters of sand casting process can only be
specialized software, knowledge workers and timedetermined if more than two levels of parametees ar
PWA is a simple statistical tool that quantifie® th used, and explained by Masters [15]. As per thdystu
robustness of a manufacturing process which conforgonducted to know the parameter interactions bysRos
the process improvement with optimized parametergl7], it is inferred that there are significantaractions

of manufacturing process, as reported by Jim Half moisture content with permeability and moisture
[10]. The idea of applying TRIZ is to improve the content with loss on ignition. Therefore, basedtio®
optimization process to cast a flywheel componernliterature and the synthesized data of the founti
which is realized by using this method. The succese foundry man experience, moisture content variat

of the PWA optimization process for the sand cagstinwith the permeability of the sand (A*B), and the
process shows that the proposed method is of gregwoisture content variation with the loss on igmitiof
potential for foundry. There is no a referredthe sand (A*C), are taken to investigate the tweida
discussion or literature on implementing PWA usingnteraction effect on casting rejection. The tataree
TRIZ application for the sand casting proces®f freedom (DOF) for nine parameters each at three
optimization. This paper, introduces the TRIZ metho levels and two second order interaction is 26 x (9 —
(Altshuller [1], Li [13]) to assist the implemeniat 1)+ 2(2 x 2)). Hence, the three levels Orthogonabrr
process of PWA. Through case analysis, this papd©A), with at least 26 degree of freedom has to be
wishes to establish a systematic PWA based on TRIgelected. The L27 OA having 26 degree of freedom is
application. selected for the present work.

2. TAGUCHI'S ANALYSIS

2.2 Taguchi's design

_1' RESEARCH METHODO_LOGY N The Taguchi's analysis is done with the help of
This paper narrates the various critical processMINITAP 15 and the control factors can be very lyasi
parameters and the interaction among them is darriedetermined from the casting defects and S/N.rat

out with the help of Taguchi’s method of experinagnt The casting defects are “lower the better” type of
design and to optimize the results obtained. Asd &  duality characteristics.

is proposed the implementation of PWA based on TRIZ
concept in order to optimize the variables of thads

casting process to minimize the casting defects,,icyiar column of the selected orthogonal amng
developed in flywheel component. Eventually, the yo tactors at different levels are assigned fashea

optimized parameters obtained by using Tagucmtrial. The experiments are conducted thrice for the

2.3Raw Data Analysis of Experimental Results
The parameter interaction is assigned to the
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same set of parameters using single repetitio,q:[yu+ Y+ y13]+[y21+ Yot y2l+[ Vot VaF y;3+[ Vi V3 yL;-
randomization technique given by Ross [17]. The[y, +y,+ vl +[ Vet Vet Yol *[ Vot Vot vh+ [ vt V& i

percentage of defect for each repetition and aeera§[y91+ Yoo + y93]

casting defects are calculated for each trial dardi

Taguchi method uses the signal-to-noise ratio aste 4ng similarly forA,

of the average to convert the trial result data iat

value for the characteristic in the optimum settingthe average values of the responses ;ataAdA; are
analysis. The S/N ratio replicates both the aveeagk given in the equation (3)

the variation of the quality characteristic.

_ :ﬁ
27 and © 27 (3)

For the case of minimizing the performance
characteristic, S/N ratio can be calculated asrgine

A=g

Equation (1): The average values &/Nratios for each parameter at
different levels are plotted in Fig 1. TBéNratio is also
SN, = —10log ( Z::El?iELOQ ©,=Yi?/Ni) N, greater at the same level of the parametersider do

1)

study the significance of the parameters, three way
ANOVA is performed for casting defects a8Nratios

Where, Y- response value of observation'rtést and the results are calculated. It could be semn the

Ni- number of trials in'f test

F-ratio value that result the significant factore #he

control factors in the order oB (permeability), E

For example, for trial no. 1, the S/N ratio is:

(volatile content), A (moisture content), | (mould

pressure)H (pouring temperaturey; (loss on ignition),
SIN ratio = -10 log [(7.68 6.58+ 6.87)/ 3)] = - 16.97. -G (pouring time)P (pouring time), andF(vent holes).

The average values of the response at each paramet
level are obtained by adding the results of all texel
conditions and then dividing by the number of data

points added. Taguchi method cannot judge and ., ?\

determine the effect of individual parameter on the j;j r 1 o ‘\ T

entire process. The ANOVA is used to analyze the| ws |\ [ |\ S | eee S 3
, e A7 \ \

results of the conducted experiments. Once an ° | |/ M 3

experiment is conducted then the optimum treatment
condition within the experiment is determined.

-16.8

Average value of S / N ratio for differentvalues at different levels

-16.9 Al

-17
-17.1

-17.8
-17.9

D1 D3 El E F1 F3 Gl G3 HI H

)|

=4="% of S/Nratio X Axis - Factors at different level

The parameteA, the levels total of the responsefat
andA, are calculated and it is given in the equation (2)

Figure.1l The average values/Nratios for each parameter at different

levels

m=T+[A-T+[B-T]+[G- T+ [ B- T+[ & T+
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[F - T]+ [G- T]+[H - T+ [L - T] 4 In solving engineering problems, the engineers liysua

W=A+B+ G+ D+E+F,+ G+ H+ |- & encounter the system’s contradiction, i.e., when a
system improves one certain engineering feature,
another engineering feature worsens. They are ristu

M=7.354+7.175+7.357+7.430+7.259+7.461+7.435 into 39 engineering parameters and 40 inventive

+7.337+7.361— & 7.464 principles to establish a contradictive matrix and
provide solutions for technical contradiction (KJtil]
W =16.457% and Marsh [14]). First of all, the technical penseh

propose the encountered technical problem or @bnfli

where, is the casting defects at the optimal casting he desi hen introd h q .
parameters T the average casting defects of all controI_T e designer then introduces the TRIZ and transfers

factors; A; the lower value of average casting defecfmO a TRIZb pg?b_loelrz, Theh T]I?I"Z problem .solvmg
when factorA (moisture content) is at level B; the process can be divided into the following steps:

lower value of average casting defect when fa@or giep 1: Confirm and clarify the encountered techinic

(permeability) is at level 1C, the lower value of qhiem and difficulty that needs to be solved.
average casting defect when fac®(loss on ignition)

is at level 1,D; the lower value of average castingStep 2: The technical problem goes through TRIZs 3
defect when factob (compressive strength) is at level engineering parameters and becomes a TRIZ problem.
1, E; the lower value of average casting defect when . _ o
factor E (volatile content) is at level s the lower SteP. 3t Confirm whether technical contradiction or
value of average casting defect when fadfofvent physics contradiction exists in the TRIZ enginegrin
holes) is at level 3G; the lower value of average problem.

casting defect when fact@ (pouring time) is at level g0 4. pifferent parameter technical contradiction
1, H, the lower value of average casting defect wheg,;q; then directly enter the TRIZ contradictivatnix
factorH (pouring temperature? is at level 1, dndhe to locate the corresponding principle. If a single
lower value of average casting defect when fa¢tor j.,,oving or worsening parameter can be locateg, onl
(mould pressure) is at level 1. or no conflict existed among parameters then refer

3. THE TRIZ INNOVATIVE DESIGN step_6.

METHOD . - ,
3.1 TRIZ objective Step 5: Through a TRIZ contradictive matrix

The Taguchi method points out clearly the technicaflMProving parameter is set as Y-axis, while wonsgn
and physical contradictions and thus helps TRIzhim ~Parameter is set as X-axis), the conflict problean c
sense of identification of the problem becomasy. ©Ptain inventive suggested principle (refer to Bgpif

TRIZ tools can be applied to resolve the contraatist @ corresponding position is an empty matrix theferre
step 6.

Step 6: Set parameter is introduced into single
3.2 TRIZ contradiction matrix engineering inventive principle (SEIP) method tdadirt
inventive suggested principles (refer to step 8).
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Step 7: The TRIZ separation principle is used t@miob selection of engineering parameters and contradicti
suggested principle through separation of timecspa matrix. Several engineering parameters closesteo t

and substance. modification problems are selected and the magix i
_ ~ formed.

Step 8: The Obtained TRIZ suggested principle

conducts proper selection to obtain the TRIZ sohuti In this work, the engineering parameters “#35-

Adaptability” as an improving feature and “#23-veast
Step 9: The TRIZ solution transfers to inventiveide ¢ s bstance” as a worsening feature are seleTtes.
reference for solving an actual engineering probtém o gineering characteristics are selected to imptbee
produce a final solution. parameters and are incorporated with the contiadict
ggatrix of modification for crossover to obtain the
recommended number of the 40 innovation methods are
&5- dynamics, 10- preliminary action, 02- takingt,ou
and 13- the other way round.

Step 10: When obtained suggested principle cann
satisfy final demand, the engineering parameterbean
redefined and go through steps 1 to 9 once again a

obtai
#23 0 - - .
Worsening Use of TRIZ contradictive matrix is shown in
Coature Waste of NEW  Table.1. The corresponding matrix obtains suggested
substance SU99 inventive principles as  15,10,2 and 13. Through a
. ?Sted TRIZ contradictive matrix, the improving parameigr
Improving INVE " set as adaptability to validate the Taguchi optitian
feature Ntive  “process and this PWA is to find the optimal par@met
. PrNC..level which supplements the other optimization pasc
#35 | Adaptability 15-Dyn§1rr1_lcs iple (improving parameter is set as Y-axis), as expthing
10-.Pre||m|nary (refe - Hsien [7].The undesirable secondary effect i.e.
action _ r worsening parameter is selected initially as coiergn
02- Takingout|  St€p ¢4 yse area of non moving object, durability @inn
13-The other | 3). moving object and waste of substances.
way round
33T
R

IZ matrix formation
Regarding the modification motive, the

contradiction matrix engineer parameters are not
convenient for use due to its rather big size.ddition,
not all the engineering parameters are involvethe
problems. The engineering parameter closest to the
problem is selected according to different diretdiof
demands. Taking into consideration these two ppints
the present study made slight modification on the
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Table.1 several engineering parameters closest to the modification
problems are selected and the matrix is formed.
3.4 TRIZ selection of inventive principles

principles for the
corresponding X and Y axis parameters, the number of

Based on the inventive
repeated inventive principles are identified and from
the analysis the X axis parameter is confirmed and its
related inventive principles are listed according to the
rank given in the Table 2 . The definition for the
inventive principles of segmentation and partial and
excessive actions will not satisfy the specific problem
solution of PWA which includes mathematical and
analytical research for continuity. Hence, the
preliminary action and the other way round principles
are taken in addition with the principles ‘taking out’

and ‘dynamics’ principles.

Proceedings of International Coerfiee “ICSEM’13”

Inventive No of times Name of the
Principle occurrences principles
Number
1 6 Segmentation
2 6 Taking out
7 1 Nested doll
10 2 Preliminary action
13 3 The other way round
14 1 Curvature
15 7 Dynamics
16 5 Partial or excessive
actions
29 1 Pneumatics and
hydraulics
32 1 Color changes
34 1 Discarding and
recovering
35 1 Parameter changes

Table.2 The number of repeated inventive principles are identified and from
the analysis the X axis parameter is confirmed and its related inventive
principles are listed according to the rank

The selected most combination inventive principles for
the respective parameters for validating and
optimizing sand casting parameters are given in

Table.3.

Principle 15- Dynamics: Allow a system or object to
change to achieve optimal operation under different
368
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conditions.  Split an object or system into parts
capable of moving relatively to each other. If an object
or system is rigid or inflexible, make it movable or

adaptable. Increase the amount of free motion.

Principle 10- Preliminary action: 1t can be performed
before it is needed the required change of an object
(either fully or partially). Pre-arrange objects such that
they can come into action from the most convenient
place and without losing time for their delivery.

Principle 2- Taking out: Where a system provides
several functions of which one or more is not required
(and may be harmful) at certain conditions, design the
system in such a way as they can be taken out.

Principle 13- The other way round: Use an opposite
action(s) used to solve the problem; make moveable
objects fixed, and the fixed objects movable; Turn the
object, system or process upside-down.

1.1 proposed model-Process Window Approach

Inventive Inventive Principles

Principles Principles

(X axis) (Y axis)

Convenience of use Adaptability 15, 16,1,34

Area of non moving | Adaptability 15, 16

object

Durability of non moving | Adaptability 2,16

object

Waste of substance Adaptability 15,10,2,13-
selected

Adaptability waste of substance 15,10,2

Table.3 The selected most combination inventive principles for the
respective parameters for validating and optimizing sand casting
parameters

(PWA)
Optimal solution arrived from the Taguchi
analysis, the set of parameters are again analyzed to its

Proceedings of International Coerfiee “ICSEM’13”

significance on the defects. In this approach the most
significant parameters moisture content, permeability,
volatile content and mold pressure is selected and
other parameters are kept as it is. These parameters
are more critical to the overall process or more likely
to cause defects. The PWA considers all interactive
parameters separately and gives the optimal result for
the individual parameter by selecting sweet spot
through process window.

The data are available from the set of runs; the lowest
probability can be confirmed by calculating the process

capability index (Cpk) as Equation (6):

C,. = (USL—X ) +30 OR (X~ LSL) + 3030
(6)

(Whichever is less?)

If the mean value is centered between the LSL and the
USL, then both (USL —Mean) and (Mean —LSL) are equal
to [(USL+LSL) / 2], and both equations yield the same
value of Cpk. If the mean value is not centered, then
one of these differences will be less than [(USL+LSL) /
2], resulting in a lower Cpk. However, this relationship
would most certainly be very product- specific, so no
general guidelines can be given. If such data is
available for a specific product, then the process setup
should be adjusted to move the mean closer to this
sweet spot to produce fewer defects. The Cpk is
calculated for percentage of defects as derived in
Table.4. The overall Cpk value provides an excellent
metric for qualitatively evaluating processing
parameter adjustments. If relationship between the
Cpk and quality (defects) is clearly understood, an
acceptable maximum Cpk value can be established for

the PWA.
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3.6 TRIZ model calculation
First step, the Cpk, Average Cpk for the respective runs

and the row-column average Cpk are calculated to
identify and confirms deviation of process from the
optimal setting. Second step to identify and draw the
window for the selected parameters. The higher values
of average Cpk value for the corresponding X, Y
parameters with respective column and row wise
average Cpk values which determines and confirms the
performance of the process for the given run. The third
step is to evaluate, select the intersecting point of
optimum parameter which produce less defects based
on the higher values in the matrix derived. In the row
average Cpk column the highest value has been
selected first, similarly in the column average Cpk. The
first line indicates where the permeability at 120 and
Moisture Content of 3% has the sweet spot when it
intersects with the optimal setting of parameters to
produce minimum defects. This is the optimized value
given by the Taguchi which confirm the PWA test result
(P1). The next higher value in the selected interaction
line for sweet spot (P1) will be noted as sweet spots
(P2s), where also the casting defect is very less.

Moistur Row

e Runs | Cpk | Avg Cpk | Avg Cpk | Avg | Avg

content Cpk Cpk Cpk | Cpk
1 0.81 0.58 0.87

3 2 0.96 | 0.92 | 0.82 | 0.78 0.81| 0.8 0.83
3 0.99 0.94 0.73
1 0.9¢ 0.9C 0.7Z

33 2 098 | 084 | 079 | 0.8 0.89| 0.73 | 0.79
3 0.58 0.73 0.58
1 0.77 0.65 0.63

3.6 2 0.98 | 0.83 | 0.70 | 0.78 0.67| 0.72 | 0.78
3 0.7¢€ 1.C 0.8¢

Permeab 120 155 190

ility

Column 0.86 0.79 0.75

Avg

Cpk T

RUIVIARAV

Proceedings of International Coerfiee “ICSEM’13”

3.7 Confirmation of Experimental Results
Optimal conditions predicted are verified

experimentally and compared with the calculated data
to validate the fitness of the model. A small variation is
observed in experimental results. Verification tests are
conducted for the three selected tests conditions of
defects predicted by the model at desirability level 1.
The experimental results show the accuracy to the
predicted level and the average of percentage of error
in the production is 6.64.

4. RESULTS AND DISCUSSIONS.

This work is started by optimizing sand casting
process using the Taguchi method in a foundry. This
work facilitates an innovative approach in new way
in ‘validating and optimizing casting process by
preventing and eliminating the occurrence of typical
steps in the optimization process. The inventive
principles confirm the selected worsening (waste of
substances) and improving (adaptability) parameters
for the contradiction matrix. The Taguchi method of
experimental design is applied to analyze the
optimum levels of individual process parameters.
The permeability,
moisture content, volatile content and mold pressure

interaction effects between
are also quite significant and must be taken into
account when designing further experiments as
shown in Table.6. The results of each interaction
parameters are more closer to each other and the
occurrences in the selection of principle with respect
to parameters is based on the TRIZ method which

validates the optimal process requirements.

This study proves that the proposed TRIZ based
PWA is capable of validating and optimizing sand
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casting process parameters. General solution for the
specific problem and to the specific solution is
identified by using the TRIZ engineering and
innovative principles.

The optimum parameter values are then applied to
the process and sample production data that is
gathered from the foundry over a period of time. It
illustrates the improved state and there is a
considerable amount of reduction in percentage of
defects is 6.44 in average and it is validated and
confirmed by the TRIZ based PWA. The optimal
parameter level for the interaction parameters are
determined by the result of occurrences with respect

to the individual parameter setup as given in Table.5.

Parameter | Process Mean of S/N ratio Optimum parameter
designation | parametes casting of casting value
and its defects % | defects % | Taguchi RSM
range contribut (optimal) (optimal
ion range)
A Moisture 7.35 8.76 3.6 3.0t03.3
content >F
(%)- 3, value)
3.3,3.6
B Permeability 24.40 25.39 120 120 to 155
120, 155, (>F
190 value)
C Loss on 2.95 3.02 35 Insignifica
Ignition nt
(%)
35,4255
D Comp 0.50 0.52 1 Insignifica
strength nt
(kg/en?),1
1.1.35,1.7
E Volatile 10.83 10.07 21 2.12t0 3.5
content >F
(%) value)
21,28,35
F Vent holes - - 10 Insignifica
(No's) nt
8,9,10
G Pouring 0.62 0.59 45 Insignifica
Time (sec) nt
45,46.5,48
H Pouring 4.29 3.60 1400 Insignifica
temp { C) nt
1400,1420
,1440
Mould 6.33 6.13 5 5.8 t0 6.85
ressure >F
bemh | wne | KUMARAVADIVEL A
56,7
% defects calculated from analysis 6.457 5.73
Average % defects confirmed 7.32 6.44
Average Error % 11.8 6.64

Table.5. calculation of average defects and average error %

Proceedings of International Coerfiee “ICSEM’13”

1. CONCLUSIONS

Using the response surface methodology and by
the Taguchi approach, a significant reduction in
casting defects is obtained and it is validated and
confirmed through the optimization
parameters by the TRIZ based PWA.

process

Based on the experimental and analytical results, the
following conclusions are drawn.

1. The TRIZ based PWA is an innovative validation and
optimization method for casting process parameters.
In the PWA, the parameters are
interacting with each other to optimize parameter

all individual
level and it is only interactive method to identify the
impact of parameters on casting defects. It can be
applied for various process parameters optimization.

2. In the Proposed Process, with the Taguchi and
response surface analysis values for the range of
average defect percentage is decreased from 7.32 to
6.44 and the average error percentage is decreased
from 11.8 to 6.64 as derived in Table.5.

3. Under a different parameter combination, the TRIZ
tool can acquire different innovative principles and
provide an improvement in optimization and concept
to avoid much unnecessary trial and error work. The
that
percentage could be arrived significantly for casting

results revealed minimal casting rejection

operations.

4. In the TRIZ method, designer thinking is not limited
by a single professional experience and the solution is
equipped with innovation and diversification. The
procedure has shown that it is an efficient and
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effective way for achieving the optimum set of
operating parameters for a particular product quality.

5. In terms of PWA, conflict problems (technical)

Parameter

Moisture Volatile | Mold

Parameter Content Conten | Press
Matrix % t % ure

I2<g/cm

Permeability

Moisture
content and
Permeability

3,3,3.3 120,120,190

Moisture 3,3.3,3 3.5.2.1,
content and 21
Volatile Content

Moisture
content and
Mold Pressurt

3,3,3.3 6,7,7

Permeability 120,120,155 21,21
and Volatile 2.8
Content

Permeability 120,120,190 6,7,7
and Mold

Pressure

Volatile Content 3.5,2.1,
and Mold 2.1
Pressure

6,7,7

Parameter 3 120 2.1
selected based
on the number
of occurrence:

Rang
e 6-7

Table.s The optimal parameter level for the interaction
parameters

encountered in the process can be provided by the
alternative thinking principles of TRIZ. Thus,
innovation replaces conventional compromise to
avoid reduction of process quality and waste

of substance.
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