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Abstract - In response to the ever increasing demand of 
customer and prompt changing economic conditions, various 
industrial engineering and quality management strategies such 
as ISO 9000, total quality management (TQM), lean 
manufacturing, manufacturing recourse planning, modular 
design, reengineering, flexible manufacturing system (FMS), 
etc., are adopted by the corporations to compete in the current 
competitive market. However, from the last three decades a 
new paradigm, known as “Six Sigma”, has made its prime 
impact in the area of manufacturing strategies to solve the 
problems related to the quality and productivity. In this paper, 
a case of Indian foundry unit has been presented to explore the 
effectiveness of six sigma methodology. The DMAIC (Define-
Measure-Analyze-Improve-Control) approach of six sigma has 
been followed here to reduce percentage of defects in green 
sand casting process. In addition, Taguchi method of 
parameter design is used to set the optimal process parameters 
in the ‘Improve phase’. Analysis of variance (ANOVA) is then 
performed to find the optimal parameter levels and to identify 
the statistical significance and contribution of each factor on 
the casting defects. Finally, a confirmation test is performed 
using the optimal parameter setting, which shows that the 
casting defects can be minimized, effectively. The results show 
that after successful deployment of six sigma, the percentage of 
casting defects is reduced by 25.44%.      
Keywords: green sand casting, six sigma, casting defects, 
Taguchi technique, design of experiment (DOE), orthogonal 
array (OA), signal-to-noise ratio, analysis of variance 
(ANOVA). 

I. INTRODUCTION 

     Six sigma is a systematic business management 
philosophy which concentrates on identifying and 
eliminating defects, mistakes and variations in a product, 
process, or service in order to ameliorate the quality at 
minimum cost. In general, six sigma is a fact-driven, 
disciplined and statistical approach that is traced to 
eliminate defects and lead processes to achieve perfection. 
Being a multifarious system in making business leadership 
performance more preponderant, six sigma doesn’t work 
based on any single theory/strategy, but it is based on the 
results driven strategies. The primary goal of six sigma is to 
ameliorate customer contentment by reducing variation in 
the process which in turn reduces defects. 

     Six sigma is a quality amelioration initiative that has 
been evolved over 25 years of scientific management and 
perpetual amendment theories. Originally, it was originated 
by Bill Smith and first utilized by Motorola Corporation in 
1986 and targeted a truculent goal of 3.4 defects per million 

opportunities (DPMO) [1] and had been recognized as a 
systematic and structured methodology that endeavors to 
ameliorate operations by eliminating the root causes of 
defects through focusing on customer needs.  

     After, Motorola won the Malcom Balridge National 
Quality Award in 1988 for achieving business excellence 
through six sigma philosophy, six sigma propagated and the 
six sigma revolutions were on [2]. GE and other companies 
like Bank of America, Caterpillar, Honeywell International 
(previously known as Allied Signal), Raytheon and Merrill 
Lynch popularized the concept later in the 1990’s by its 
effective application [3]. The six sigma program has been 
widely accepted to be one of the most prosperous process 
amendment systems available to businesses. Today, six 
sigma is well established in virtually every industry and 
many organizations worldwide have modified six sigma 
methodology and tools to accommodate their own 
operations. 

     Six sigma was initially introduced in manufacturing 
processes; today, however, it slowly makes its monarchy in 
cross-functional problem solving issues [4]. This made six 
sigma one of the most prominent area for both industry and 
academia. In spite, much of the literatures on six sigma are 
available only on its definition [4], needs [5], deployment 
[6], hurdles [7], project selection [8-10], critical success 
factors [11], framework [12-13] and organizational 
infrastructure required for implementation [14]. But only a 
few studies are reported regarding real life six sigma 
implementation [15-20]. 

     This paper presents a real case of six sigma 
implementation in a modern foundry industry. The paper 
provides set-by-step application of six sigma DMAIC 
framework to reduce rejection rate in green sand casting 
process. In addition to that in improve phase, Taguchi 
Design of Experiment (DOE) is used to set the optimal 
process parameters in the ‘Improve phase’. Analysis of 
variance (ANOVA) is then performed to find the optimal 
parameter levels and to identify the statistical significance 
and contribution of each factor on the casting defects. 
Finally, a confirmation test is performed using the optimal 
parameter setting which shows that the casting defects can 
be minimized effectively. 
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   II. RESEARCH METHODOLOGY 

     There are basically two frameworks namely, DMAIC 
and DMADV, which are used for the implementation of six 
sigma improvement strategy as defined by Motorola [3]. In 
this paper, six sigma DMAIC methodology is applied to 
identify the root causes for the casting rejections and 
proposes solutions that can have significant impact on 
customer, product quality and business from the economic 
viewpoint.  

     The first phase is focused on understanding the process 
under investigation from the point of view of customers, 
suppliers and operators. The second phase seeks to measure 
current performance, the third to analyze contributors to 
poor performance and variation. The fourth phase uses the 
outputs of the earlier phases to define, test and 
operationalise improvements and the final phase seeks to 
ensure that changes are embedded, successful and, where 
appropriate, transferred to other processes. Table I 
summarizes the phase, purpose and key outputs [21-22]. 

            III. INDUSTRIAL CASE 

     A case study has been carried out in a leading ferrous 
casting unit of southern India. All the data required for the 
research has been collected from the same industry. As an 
agreement with the company its name should be made 

confidential and thus for the research purpose it has been 
named as XYZ company Ltd. XYZ has since been a 
significant and diligent participant in the ferrous casting 
industry, producing superior quality castings for many 
industries. Today, it is one of India's largest suppliers of the 
finest ductile iron, grey iron and mild steel castings ranging 
from 0.5 Kg to 260 Kg in weight, having turnover of about 
3000 tons per month. The company is catering to the needs 
of commercial vehicle industry, Tractor industry, car 
manufacturers and it also full fills the casting needs of many 
other industries.  

     Despite of adopting these world class standards and 
continuously striving for the improvements, the company is 
unable to fulfill the increased demand in the last ten years 
due to globalization and boom in automobile sector. After 
continual effort and brainstorming with the production data, 
it can be concluded that the main culprit of this problem is 
reworks/rejections which basically due to defects in the 
products and unreliable process. So, the top management of 
the company decided to implement the world’s prominent 
methodology namely six sigma DMAIC methodology in 
order to reduce the reworks/rejections thus making the 
process so robust that the present demand can be fulfilled 
with the existing resources. 

IV. SIX SIGMA DEPLOYMENT 
 

TABLE I SUMMARY OF DMAIC 

Phases Purpose 
Define Define the project’s purpose and scope 

Measure Gather information regarding existing process conditions to provide a baseline 
assessment of current performance levels and narrow the scope of inquiry to the 
most important problems 

Analyze Identify the root causes of the problems that were clarified in the Measure Stage 
Improve Develop, implement, and evaluate solutions intended to eliminate the root causes 

of problems identified in the analyze stage 
Control Ensure that problems remain fixed and that the new methods can be improved 

over time 
 

TABLE II PROJECT CHARTER 

Project Charter 
Project title To reduce rejection rate in green sand casting process. 
Background/Reaso
n  

Currently, the rejection rate is as high as 10.64% approximately, which costs 
approximately 2 crore per month. In addition, various other losses such as raw 
material, machine hour, man hour, etc., are associated with the rejection of the 
casting.  

Critical to quality Percentage of casting rejections (approximately 89.67% of total) due to core 
making unit, mould making unit and melting unit. 

Project scope Green sand casting process. 
Project leader Manufacturing head. 
Team members Production manager, manager from quality assurance department, shop floor 

operators, foundry technicians, author. 
Expected benefits Saving of approximately 2 crore per month. 
Schedule  Define: 2 weeks 

Measure: 3 weeks 
Analyze: 3 weeks 
Improve: 2 weeks 
Control: 4 weeks 
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A. Define Phase 

     The aim of this phase is to define the scope and goal of 
the improvement project in terms of customer requirements 
and to develop a process that delivers these requirements. In 
this concern, a project charter is made with all the necessary 
details of the project (Table II). This helps the team 
members in understanding the project objective, duration, 
resources, roles and responsibilities of team members, 

project scope and boundaries, expected results from the 
project, etc., [23]. Since there is a cross-functional team for 
executing this project, thus the team decided to perform 
SIPOC (Supplier–Input–Process–Output–Customer) 
analysis to have a better understanding of the process. 
SIPOC diagram is presented in Fig.1.  

 

 

 

 

 

 

 

 

 

Fig. 1 SIPOC Diagram 

B. Measure Phase 

     The objective of the measure phase is to understand and 
establish the baseline performance of the process in terms of 
process capability or sigma rating. For this the team has 
collected the defect data of five months (Jan, 14 to May, 14) 
of various shops/units and the data for the same is depicted 
in Table III. It can be concluded from Table III that 
maximum number of defects are coming from core making 
unit (11.18%), mould making unit (60.56%) and melting 
unit (17.93%) in the form of defective casting/product. 
These three units contribute 89.67% of the total defects. A 
bar graph is constructed to represent the percentage of 
defective products coming from each unit and is shown in 
Fig. 2. 

     The defects occurring in the above three units are 
significantly affecting the production and performance of 
the company. A meeting of all the team members are called 

to analyze the various defects occurring in these units and to 
discuss the remedial action for streamlining the whole 
process. Fig.3 shows the various casting defects and their 
significance to make the casting defectives. It can be 
concluded from the Fig. 3 that scab, blow holes, bad core, 
sand drop, sand inclusion, shrinkage, core shift and cold 
shut are erupting as the prime reasons for 80% of the 
defective castings (i.e., vital few). 

     Next, the team measured the overall sigma value of the 
casting process in order to have a clear picture of the current 
state of the production. The calculation of sigma level is 
based on the number of defects per million opportunities 
(DPMO). In order to calculate the DPMO, three distinct 
pieces of information are required: 

a) The number of unit produced. 
b) The number of defect opportunities per unit. 
c) The number of defects. 

The actual formula is: 

  (1) 

In the present study, the number of unit produced = 119967, 
the number of defects = 12771 (refer to Table III), and the 

number of defect opportunities per unit = 14 (refer to Fig. 
3).  
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Referring to six sigma table [24], the sigma value for 7,603.87 DPMO is 3.9.  

TABLE III DEFECT DATA FROM VARIOUS UNITS 

Processes Number of defects 
Jan,14 Feb,14 March,14 April,14 May,14 Sum 

Core making 285 326 227 310 280 1428 
Mould making 1684 1388 1535 1480 1648 7735 
Melting 462 405 448 478 498 2291 
Shot blasting I 40 38 56 48 52 234 
Fettling / grinding 151 190 210 181 226 958 
Shot blasting II 20 15 18 23 16 92 
Painting 5 4 7 9 8 33 
Total defectives 2647 2366 2501 2529 2728 12771 
Total units 
produced 23962 22811 23780 24520 24894 119967 

% Of defects 11.05 10.37 10.52 10.31 10.99 10.64 

 

Fig. 2 Percentage of total defect observed in various units 

 

Fig. 3 Pareto chart for the analysis of vital few 
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C. Analyze Phase 

     In this phase the collected data is verified, analyzed and 
prioritized in order to explore the possible root causes and 
their relationship to output. For this purpose the team 
decided to first construct a control chart in order to check 
the current condition of the process, shown in figure 4. At 
this point, it is essential to identify the possible causes of 
casting defects and thus a cause and effect diagram is 

constructed in order to identify, sort, and display the 
possible causes of the problem shown in Fig. 5. 

     From the cause and effect diagram, it may be concluded 
that the most significant factors that affect casting defects 
are green compression strength, permeability, pouring 
temperature, mould hardness and moisture content. Table 
IV shows the selected process parameters, along with their 
ranges. 
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Fig. 4 Control chart (X bar and S chart) before improvement 

 

 

Fig. 5 Cause and effect diagram 

TABLE IV PROCESS CONTROL FACTORS AND THEIR LEVELS 

Control 
factors 

designation 
Control factors Range Level 1 Level 2 Level 3 

A Green compression strength (g/cm2) 1500-1800 1500 1800 --- 
B Permeability (No.) 100-160 100 130 160 
C Pouring temperature (0C) 1380-1450 1380 1420 1450 
D Mold hardness (No.) 80-100 80 90 100 
E Moisture content (%) 2.8-3.4 2.8 3.1 3.4 
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D. Improve Phase 

     The objective of improve phase is to empirically explore 
the solutions to eliminate these causes. In this research, 
Taguchi’s DOE has been used for the design and modeling 
of the experiment.  

    Experimental Design: In this study, there is no particular 
reason to examine the specific interactions of the control 
elements. Therefore, the experiment is designed, based on 
one two level control factor (Green compression strength) 
and other control factors (Permeability, Pouring 
temperature, mold hardness, and Moisture content) having 
three levels. Thus, L18 orthogonal array is selected with 18 
experimental runs and eight columns. 

Once the parameters were assigned to the experimental 
array, the experiments were conducted thrice for the same 
set of parameters using a single-repetition randomization 
technique [25]. The casting defects that occur in each trial 
condition were measured. The average of the casting defects 
was found for each trial condition as shown in Table V. 

Experimental Analysis: All the analysis is carried out by 
using MINITAB® 15.Statistical analysis like S/N ratio 
analysis and analysis of variance (ANOVA) were performed 
at a significance level of 0.05 (i.e. α = 0.05) or at the 95 
percent confidence level. In this study, casting defect is 
selected as quality characteristic and casting defect is 
“smaller-the-better” type of quality characteristic [26-28]. 
Here the objective function to be minimized is: 

Lower is better:     (2) 

where, , the ratio used for measuring 
sensitivity to noise factors, 
n = number of experiments in orthogonal array, and 

 =  value measured. 

     For analyzing the results obtained from the experiments, 
the S/N ratio is calculated (Table V) using Eq. (2). For 
example, for the experiment no. 1, the S/N ratio is: 

 

 

     . 

The response of S/N ratios and means for each point is 
calculated and the results are summarized in Table VI & 
Table VII. The effects S/N ratios and means of the 
individual process parameters on the casting defects are 

shown in Fig. 6 and Fig. 7. From Fig. 6, it can be concluded 
that S/N ratio at the second level of green compression 
strength (A2), second level of permeability (B2), third level 
of pouring temperature (C3), second level of mold hardness 
(D2), and first level of moisture content (E1) is maximized. 
It signifies that the defect level at these levels should be 
minimized, which can be replicated in Fig. 7. Thus, the 
percentages of casting defects are minimal at A2B2C3D2E1. 

     After that, ANOVA test is performed to look into the 
most significant casting parameter that potentially affects 
the quality characteristics. This can be achieved by dividing 
the total variability of the S/N ratios, which is measured by 
the sum of squared deviations from the total mean of the 
S/N ratio, in contributions by each casting process 
parameter and the error. The ANOVA results are shown in 
Table VIII. In ANOVA, the ratio between the variance of 
the process parameter and the error variance is called 
Fisher’s ratio and it is used to determine whether or not the 
parameter has a significant effect on the quality 
characteristic. This procedure is carried out by comparing 
the F-test value of the parameter with the standard F table 
value (F0.05) at the 5 percent significance level. If the F-test 
value is greater than F0.05, the process parameter is 
considered to be significant. From Table VIII, it can be 
concluded that parameters A, B, C are statistically 
significant and parameters D and E are statistically 
insignificant and thus can be removed from the further 
study.  

     Determination of optimal factor levels: The best values 
of green sand casting process parameters for the minimum 
defects are identified from Fig. 6 and Fig. 7. Based on the 
main effects plot for S/N ratios and means, the optimal 
green sand casting process parameters, within the range of 
testing values, are chosen as green compression strength at 
level 2 (1800 g/cm2), Permeability at level 2 (130), Pouring 
temperature at level 3 (1450 ºC), mold hardness at level 2 
(90), and Moisture content at level 1 (2.8%), i.e., 
A2B2C3D2E1. 

     Confirmation Test: After calculating the optimal level of 
the sand casting process parameters, the improvement of the 
quality characteristics using the optimal level of the sand 
casting parameters are predicted and verified. The estimated 
S/N ratio, , using the optimal level of the casting 
parameters is calculated as [29] 

 

     (3) 
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where,  is total average S/N ratio of all the experimental 
values,  is the mean S/N ratio at the optimal level, and q is 
the number of casting parameters that significantly 
influence the quality characteristics. Table IX shows the 

results of confirmation test which is performed by using the 
optimal setting of green sand casting parameters and levels. 
From the Table IX, it can be noted that the percentage of 
casting defects at the optimal levels is 3.36, a decrease of 
25.44%, against the initial process parameters setting. 

 
TABLE V. EXPERIMENTAL ASSIGNMENTS, RESULTS, AND S/N RATIOS 

Experiment 
No. 

Process parameters Percentage defects in experiments 
A B C D E Trail 1 Trail 2 Trail 3 Average S/N ratio (dB) 

1 1500 100 1380 80 2.8 11.10 10.91 11.47 11.16 -20.96 
2 1500 100 1420 90 3.1 10.12 10.48 10.24 10.28 -20.24 
3 1500 100 1450 100 3.4 9.28 9.56 9.77 9.54 -19.59 
4 1500 130 1380 80 3.1 7.24 7.25 6.87 7.12 -17.05 
5 1500 130 1420 90 3.4 6.65 6.16 6.81 6.54 -16.32 
6 1500 130 1450 100 2.8 6.13 6.18 7.20 6.50 -16.29 
7 1500 160 1380 90 2.8 7.73 7.36 7.44 7.51 -17.51 
8 1500 160 1420 100 3.1 8.25 8.49 8.92 8.55 -18.65 
9 1500 160 1450 80 3.4 6.98 6.56 6.74 6.76 -16.6 

10 1800 100 1380 100 3.4 10.87 10.76 11.11 10.91 -20.76 
11 1800 100 1420 80 2.8 8.63 9.87 9.04 9.18 -19.27 
12 1800 100 1450 90 3.1 7.77 7.90 8.06 7.91 -17.96 
13 1800 130 1380 90 3.4 5.26 5.30 5.53 5.36 -14.59 
14 1800 130 1420 100 2.8 5.16 5.10 5.20 5.15 -14.24 
15 1800 130 1450 80 3.1 4.51 4.46 4.57 4.51 -13.09 
16 1800 160 1380 100 3.1 5.74 5.59 5.46 5.60 -14.96 
17 1800 160 1420 80 3.4 5.72 4.46 4.67 4.95 -13.95 
18 1800 160 1450 90 2.8 4.16 3.82 4.68 4.22 -12.54 

TABLE VI RESPONSE TABLE FOR S/N RATIOS 

Level A B C D E 
1 -18.13 -19.80 -17.64 -16.82 -16.80 
2 -15.71 -15.26 -17.11 -16.53 -16.99 
3  -15.70 -16.01 -17.41 -16.97 

Delta 2.43 4.53 1.63 0.89 0.19 
Rank 2 1 3 4 5 

TABLE VII RESPONSE TABLE FOR MEANS 

Level A B C D E 
1 8.22 9.83 7.94 7.28 7.29 
2 6.42 5.87 7.44 6.97 7.33 
3  6.27 6.57 7.71 7.34 

Delta 1.80 3.96 1.37 0.74 0.05 
Rank 2 1 3 4 5 
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Fig. 6 Main effects plot for S/N ratios 
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Fig. 7 Main effects plot for means 

TABLE VIII ANOVA SUMMARY 

Source Degree of 
freedom 

Sum of 
square Variance F Significance 

of F 
Percent 

contribution 
A 1 26.518 26.518 31.28 0.001 21.54 
B 2 75.030 37.515 44.32 0.000 61.53 
C 2 8.269 4.1345 4.88 0.041 5.52 
D 2 2.451 1.2255 1.45 0.291  
E 2 0.130 0.065 0.08 0.927  

Error 8 6.782 0.8477   11.41 
Total 17 119.179    100.00 

TABLE IX RESULTS OF CONFIRMATION TEST 

Level Percentage defects S/N ratios (dB) 
A2B2C3D2E1 A2B2C3D2E1 

Initial parameters setting 4.51 -13.09 
Optimal parameters setting 3.36 -9.76 

Improvement (%) 25.44 25.44 
 
 

E. Control Phase 

     The objective of control phase is to ascertain that the 
current process must be in control after the successful 
implementation of improvement solutions that has been 
determined in the improve phase. The team should timely 
monitor the process in order to ensure sustainability of the 
achieved results. If any special causes are determined, 
corrective actions should be taken before nonconformities 
are produced. For this the team decided to construct the 
control chart of the existing process (i.e., after 
improvement) in order to determine the current situation of 
the process as depicted in fig. 8. The interpretation of the 
control chart shows that the current process is under control 
and also the variation is reduced. In addition, the current 
sigma value is calculated which is found to be 
approximately 4.1. 

     The main purpose of six sigma is not only making 
process improved but also having the optimum results 

sustained in long run.  Hence, the standardization of the 
process is required. For that, proper documentation of the 
process and appropriate training of the people associated 
with the process should be conducted so that they can able 
to manage the process effectively. 

V. RESULTS AND DISCUSSION 

     In these study six sigma DAMIC methodologies is used 
to reduce rejection rate of the green sand casting. The 
results obtained after the improvement are discussed below: 

1) The optimum levels of the parameters at which 
defect level will be minimal are: green 
compression strength at level 2 (1800 g/cm2), 
permeability at level 2 (130), pouring temperature 
at level 3 (1450 ºC), mould hardness at level 2 
(90), and moisture content at level 1 (2.8%), i.e., 
A2B2C3D2E1. 
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2) From ANOVA results, parameters green 
compression strength, permeability, and pouring 
temperature are significant and parameters mould 
hardness, and moisture content is insignificant. 

3) Percentage contribution: Permeability (61.53 per 
cent) has the most dominant effect on total 
variation and it is followed by green compression 

strength (21.54 per cent) and pouring temperature 
(5.52 percent). 

4) It can be concluded that the sigma value before 
improvement is 3.9, while it becomes 4.1 after 
improvement. Similarly, percentage of casting 
defects is reduced by 25.44 %. 
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Fig. 8 Control chart (X bar and S chart) after improvement 

VI. CONCLUSION AND FUTURE WORK 

     Due to global competitiveness manufacturing 
industries are facing a tough challenge to produce high 
quality and customized products at low cost to meet the 
uprising market demand. Six sigma was evolved as one of 
the powerful methodology in order to tackle these 
situations. Six sigma is a project-driven management 
approach that is pertinent to all the arenas starting from 
manufacturing to service industries. It enhances the 
process efficiency by identifying and eliminating the 
defects. 

     This paper presents the step-by-step application of the 
Six Sigma DMAIC methodology for reducing the 
rejection rate of casting in an Indian foundry unit. The 
research findings show that the rejection rate of casting 
has been reduced to 3.36% from 4.51%. As a result, the 
cost associated with rejection, repair, scrap and re-
inspection can be reduced and the company is realized an 
annual saving of about US$ 0.45 million. In addition, for 
the complete organizational involvement, timely training 
of the employees and updating regarding the new 
technologies are to be planned. Also, to encourage the 
people for participating in the Six Sigma improvement 
initiative, the management should declare an incentive 
schemes for the successful teams. 
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Annexure 1 (Process Flow Diagram) 
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