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Introduction of Statistical Process
Control System in a Ductile Iron Pipe
Manufacturing Plant for Export
Promotion

ARUP RANJAN MUKHOPADHYAY & ARUP KUMAR DAS

SOC & OR Unis, Indian Sratistical Institte, Kolkara, India

ABSTRACT  This study flustrates how a system of statistical process control consisting of
appropriale stafistical fechnigues s introdiuced inoan Indian organization that  manufaciorees
ductile iron pipes, with a view o expanding the markel for export promotion. This s a pain of
corporate business strategy of the ovganization. The statistical system is introduced by taking
inte accout cerfain critical-to-guality prodiuct charaeteristics of some processes, which have
been identified by the auditers of the Korean Sundards Association (KSAL The specific
recommendations with regard to the introduction of the statistical system ave based on an
extensive assessment of the existing perfomiance of the identified processes by the authors
Successful implementation of the recommendations enabled the Indian organization o export io
Korea in a big way.

Key Worps:  Ductile iron, eutectic point, X-MR chart, box whisker plot, process capability

Introduction

An Indian ductile iron pipe manufacturing plant wanted o introduce a statistical system
for exercising day-to-day control over its processes with a critical focus on export pro-
motion. These pipes are pnmarily used for distribution of water, petroleum gas and
sewage. 1L may not be oul of place 0 mention here that in order o export 1o countries
like Korea, stringenl macro process control 15 necessary o enhance product quality,
product pedommance and competitive performance. The auditors of the Korean Standards
Association (KSA) identified the Critical to Quality (CTQ) product characteristics of these
MIECTD ProCesses.

Accordingly, at the outset, a study has been carned oul 1o assess the macro processes
and their outputs. The following characteristics have been studied.
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(1) Chemical composition 15 studied at Mimi Blast Fumace (MBF), Mimi Heel Furnace

(MHF), and Converter (Magnesium treatment). It 1s worth mentonmg here that MBF
is & meling furnace where iron is extracted by melting through combustion of coke
with air. MHF is an induction fumace for controlling the composiion of cast iron
under liguid condition. And a converter is a closed ladke 1o facilitate Magnesium (Mg)
treatment for promoting graphitization in the form of spheroidal nodules during solidifi-
cation. The Mg causes the graphite in the iron to precipitate in the form of microscopic
spheres rather than the flakes found in ordinary cast iron. The spheroidal graphite in
iron improves the properties of ductile iron. For details see Appendix 6 and White ( 1999).

(b} Pipe thickness 15 studied along the length of pipe statting from the socket end o the

spigot end. It may be noted that the socket end of the pipe has a larger diameter com-
pared with the spigot end. The configuration of the socket end is different from the
spigot end. The socket end of one pipe is joined with the spigot end of another
pipe by a flexible joint in which a rubber gasket is located in the sockel and the
joint assembly is effected by entering the spigot through the rubber gasket into the
socket. The joint 15 called a *push on joint’.

ic) Sieve analvsiz of sand, meant for cement lining of pipes, is studied. Sieve analysis has

been done both for the incoming sand, supplied from a single source as well as for the
final processed sand, obtained afier sieving through a mesh of size 6 (ASTM Stan-
dard) and controlling moisture subsequent to processing through a Kiln,

Objective

The statstical system has been introduced with the following objectives:

L

.

Sugpgesting methods for day-to-day control over chemical composition at MBF, MHF
and Converter.

Providing guidance for taking appropriate corrective action 1o reduce thickness vari-
ation along pipe kength.

Recommending corrective action for controlling particle size of final sand after Kiln
operation. It may be recalled that this processed sand is used for cement lining of
pipes. As far as the particle size of incoming sand is concerned, hardly any action can
be taken simee there remains only one natural source of such sand in the country for
supplying Lo the organization.

Background Information

This study can be considered as one of the demonstmtive evidences o ighlight the use-
fulness of introducing Statistical Process Control (SPC) for key product charactenistics.
Since the company wants 1o explore overseas markel expansion, application of SPC as
an ongoing decision-making procedure, instead of 1aking decisions on arbitrary basis,
becomes worthwhile. This is particulady imporant for exporting to country like Korea
where application of SPC for day-to-day decision making procedure is 8 must.

Technical Specifications based on Metallurgical and Usage Criteria

The technical specifications are given in Tables 1 and 2.
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Table 1. Specification for chemical composition of liguid metal

Casting hopper after

Mini blast Mini heel converter operation or
Chemical composition furnace furnace Mg treatment
% 35-44 3.80-3.05 3.80-395
T Si 1.0-2.5 1.75-1.90 1.75-1.90
S (.15 Max 0.15 Max 0,02 Max
TP 0.12 Max 0.12 Max 0.12 Max
foMn 0.50 Max 0.50 Max 0.50 Max
Mg Mot Applicable Mot Applicable 0.02-0.06
Carbon Equivalent (CE) 43 4+ 0.1 43 4+ 0.1 434+ 0.1

Mote |: CE = C% + 1 /3 (5i% + P%). The eutectic point is attained at 4.3, It is worthwhile to note here that in
eutectic reaction, a liquid phase decomposes isothermally on cooling into two solid phases. The cormesponding
eqquilibrium point consisting of fixed tempemture and composition of two phases is called eutectic point under
imvanant reaction L = o« 4+ &

Mote 2: Appendix 6 deseribes the impact of chemical compaosition on sphemidal graphitic cast iron matenial.

Particle Size of Sand

Al first, let us consider what is meant by the ASTM mesh size of a sieve. Thereafter spe-
cification for particle size of sand will be given — see Tables 3-5.

Data

The statistical analyses in this study have been done comesponding o the data collecied
and compiled for the quality characteristics given in Table 6.

The chemical composition of liquid metal is analysed by the spectrographic method. For
this purpose, samples are collected in the form of sample coins after every heat subsequent
to MBF operation. At MHF, afier attaining the requisite lemperature, sample coins are col-
lected just before sending the liquid metal to the converter. Al the converter, every third

Tahle 2. Specification for pipe thickness

Pipe diameter Minimum MNominal
(mm} thickness {mm}) thickness {mm})
B0, 100, 150 4.7 6.0
200 4.8 6.3
250 52 6.8
300 5.6 T2
350 6.0 7 4 )
400 6.4 5.1
450 6.8 8.6
500 T2 G0
iRl 8. 99
J00 5.8 10.8
750 92 11.3
B0 9.6 11.7
GO 10.4 12.6

1000 1.2 13.5
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Table 3. Sand grading

Side of the square

ASTM sieve size of a sieve in mm
[i] 3350
12 1,704
20 (.850
30 0.600
40 0.425
Sl 0.300
T0 0212
1000 (0.150
140 0. 106
200 0075
270 (0.053

ladle is considered for collection of sample coins at the casting hopper before casting the
last pipe from that hopper.

The thickness of pipes is measured by an ulirasonic method along the length of pipes at
Olm, lm,2m,3m, 4m 5m, 535 m and 6 m from the socket end in general

The particle size of sand is determined by doing Sieve Analysis. The final sand is pro-
cessed at the Kiln for control of moisture and particle size by sieving with ASTM sieve
size 6 (1e. 3350 mm side of the square of a sieve).

Analysis

B ased on techno-economic considerations it has been decided that control will be exer-
cised on the following chemical constituents at the relevant stages.

Stage Control will be exercised on
MBF C%, Si%, 8%, CE

MHF or Induction Furnace C%, Si%, S%, Mn%, CE
Converter or Mg treatment Ct%, Si%, Mg%, CE

A control chart for individual observations along with moving range chart (X — MR Chart)
is thought w be appropriate for this purpose. For a day-to-day process control purpose,
control limits have been suggested comresponding o the respective target values of C,
81, Mg and CE. However, for 8§ and Mn since there remains only upper specification

Tahle 4. Particle size of incoming sand

ASTM sieve size Retention %

20, 30, 40 and 50 5000 ( Minimum )
6/ +12 (Means 6 pass but retention on 12) 10.0 ( Maximum)
140 (Means 140 pass but retention on 200 and pan) 1000 { Maximum )

=200 (Means 200 pass but retention on pan) 1.5 { Maximum)
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Tahle 5. Particle size of processed sand

ASTM sieve size Retention %

20, 30, 40 and 50 5000 { Minimurm}
6/ +12 (Means 6 pass but retention on 12) 5.0 ( Maximum)
100 (Means 100 pass but retention on 140, 200 and pan 10,0 { Maximum)
200 (Means 200 pass but retention on pan only) 2.0 { Maximum)

Table 6. The quality characteristics considered for data
collection and compilation

Quality characteristic

Chemical composition at MBF

Chemical composition at MHF

Chemical composition after Mg treatment, done by converter
Pipe thickness

Pipe thickness v/ s pipe weight

Particle size for incoming sand for cement lining of pipes
Particle size for final sand for cement lining of pipes

limits, control limits have been suggested corresponding Lo the respective average values.
In order o compare actual pedformance of the process with the tolerance, Process Capa-
bality Indices (PCI) have been computed. A sample X-MR chart and Histogram are given
in Appendix 1 for Sulphur percentage after MBF operation. For the X-MR chart the upper
ling indicates UCL,,. the central hine indicates the process avermge and the lower ling
indicates the LCLy (Montgomery, 1991).

For analysing data on pipe thickness along the length of pipe, Box Whisker plots
(Montgomery, 1997) are done. A small write-up has been given in Appendix 5 aboul
Box Whisker plots o facilitate better understanding. The sample plots have been given
in Appendix 2.

For particle size of sand (both incoming and processed sand) Run-Charts are provided in
Appendix 3 (for incoming sand) and Appendix 4 (for processed sand). For all Run-Chans
related o the sand analysis, the straight line running parallel to the honzontal axis indi-
cates the specification limit.

Results and Conclusion

For the results see Tables 7-9. Box—Whisker plots for pipe thickness (see Appendix 2)
revealed clearly that except for 900 mm diameter and 600 mm diameter pipes, there
was 4 lendency o produce a lower thickness in the middle portion of the pipes compared
to the two ends of pipes — namely the socket end and the spigot end. In this context
900 mm diameter and 600 mm diameter pipes can be considered as internal benchmarks.
Performance with respect to both central tendency and dispersion of pipe thickness across
the length of pipes calls for adequate technical attention.

An attempt was made o establish the relationship between pipe weight and difference
between maximum and minimum thickness of pipes. However, application of regression
analysis produced no worthwhile result (see Tables 10 and 11).
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Table 7. Results for chemical composition at MBF

Process
Capability
Oft-specification % Index
Inherent
Ingredient Specificaion & X  Min Max process ¢ <LSL =USL Total &, Cpu,

Ct 3054045 320 425 322 444 0.0662 0.6 0.6 1.2 227 049
(3.5 10 4.4)

Si% 1754+ 075 331 1.51 022 594 01702 136 0.0 13.6 147 085
(101w 2.5)

8% 0.15 Max 331 0.054 0.008 O.068 00112 - 0.3 0.3 2.8 -

CE 434 0.1 329 476 343 554 (.0805 4.0 930 970 041 007
(4.2 10 4.4)

Recommendation

In order to control the chemical composition of liquid metal, the following control limits
are suggested for application of X-MR control chart. These limits are based on the inherent
varability of the process under the existing techno-economic set up (see Tables 12— 14).

Root causes of pipe thickness variation along the pipe length are 1o be explored by con-
ducting brainstorming session. In particular, the role of certain process parameters at the
horizontal centrifugal casting stage is crucial for pipe thickness variation along the pipe
length. Technically the potential parameters are mould r.pm., rate of traverse of mould
and metal temperature.

As far as the particle size of processed sand is concemed, there is scope for improving
process capability with regard o percentage relention on -6/ 4+ 12 ASTM sieve, pro-
vided the sieve attached to the Kiln (ASTM sieve size 6) is adequately straightened
near the joints of two sheets of the sieve and at the edges. It is also o be seen
whether the sieve size has become larger than the desired size of ASTM 6 because
of prolonged usage.

Tahle 8. Results for chemical composition at MHF

Process
Capahility
Of-specification % Index
Inherent
Ingredient  Specification N X Min Max process ¢ <LSL =USL Toul C, Cu

C 3E7S £ 0075 561 387 355 412 LA [ 198 03 4000 04 040
(3.80 w 3.95)

Si% 1.B25 £ 0075 561 182 136 230 0087 226 226 452 025 025
(1.75 10 1.90)

5% 015 Max 561 0.061 0012 0025 0006E - 111 00 436 -

Mn% 050 Max 561 029 017 044 00230 - 0 00 3 -

CE 43 + 01 6l 450 409 479 a6l 4 BlLE 822 0350 016

(42 1w 4.4)
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Table 9. Results for chemical composition at the Converter

Process
Capability

Oft-specification % Index
Ingredient Specification N X Min Max Inherent process & <LSL  =USL  Total Ce Com
C% 3875 £ 0075(3.8010395) 1134 375 343 396 0.0378 721 0.1 722 066 019
Si% 1.825 4+ 0.075(1.75 tol.90) 1134 1.80 1.51 231 0.0450 6.0 41.6 47.6 0.56 032
Mg% i.':l 04 + 0.02 (0.02 to 0.06) 1134 045 0005 0089 0.0070 07 6.2 69 095 077
CE 43400420 44) 1134 439 412 4.63 0.0432 1.1 459 470 077 033

Note 1: For two-sided specification €, = (USL — LSL)/6F and (o, = {USL — L,E;L,],n'{ﬁ\_-"rr +iX - TdJ'_gci] 1.

If X and Target coincide, €, = €, The higher is the deviation h:’lwccn X and Target, the less will be the €, compared with the corrspanding €, value.
Mote 2: For upper-sided *.'Ftﬂ.lh(..nﬂlul'.l only C is caleulnted 2= (USL — X)fdir
Note 3: For satisfactory process performunce O, or O, should be at least one.

g Suromgoninuepy adig woap apuongg v wasiy 4y

LOR
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Tahle 10. Incoming sand particle size

Characteristic Specification Min Max X -1 Cp

o Retention |20, 30, 40 & 5000 (Minimum) 40920 TROD 6RO3T2 72058 (83
50 ASTM sieve |

S Retention [—6/+12 10.0 (Maximum) 0.00 37.00 1.6395 47085 (.59
ASTM sieve |

o Retention [ — 140 ASTM 10,0 (Maximum}) 0,60 6,80 23174 0900 285
sieve |

e Retention [ — 200 ASTM 1.5 (Maximum) 0.20 220 10140 03720 044
sieve |

Mote: Total number of observations is 86.

Tahle 11. Particle size of processed sand

Characteristic Specification Min Max X Fi - Cp

e Retention |20, 30, 40 & 5000 (Minimum) 45.60 B840 TLT026  6.7200 1.08
S0 ASTM sieve|

% Retention [—6/+12 5.0 (Maximurm) 000 3040 12151 41720 030
ASTM sieve |

e Retention [ — 100 ASTM 10.0 (Maximum}) (.80 16.40 50868 23117 058
sieve|

o Retention [ — 200 ASTM 2.0 (Maximum) 0.20 1.60 0.8151 0.2241 1.76
sieve|

Mote ©: total number of observations is 53,

Mote 2: Cp = (USL — X365 or (X — LSL)/3F for one-sided specification.

Note 3: For satisfactory performance C, should be at least one.

Table 12, Control limits at MBF

Chemical composition ME UCL g Target LCLy UCL,

C% 0.07470 (1.243949 3950 37510 ERELL)]

Sit% 019203 0.62727 1.750 1.2390 22610

5% 001258 004110 0054 0204 00870

CE (.08 5 029678 4300 40580 4.5420

Table 13. Control limits at MHF

Chemical composition ME UCL g Target LCLy UCL,

C% 0.06943 0.22679 3HTS 36000 4.0600

Si% 011129 0.36352 1.825 1.5290 21210

8% 000705 0.024949 0061 00406 00814

Mn % 002598 008487 0,290 0.2210 0.3590

CE 0.07452 0.24341 4300 41020 4 4980
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Table 14, Control limits at converter

Chemical composition ME UCL g Target LCLy UCL,
C% 004259 0.13914 3875 3762 3088
Si% 005074 0.16575 1.825 1.650 1.960
Mg o 000791 002584 04 (01940 00610
CE 004808 (0. 15903 43 4.170 4,430

Note 1: For moving range (MR) of two successive observations {n = 2), Dy = 3267 and UCLyy = DyME.
For n =2, Dy =10 and hence LCLyg, = DME = 0.
MNote 2: Forn= 2, dy = 1128 and & = ME/1.128. Thus, LCL, = Target — 34, UCL, = Target + 34

Tahle 15. Results of implementation

Before implementation After implementation
Pipe No. No. No. Mo,
diameter pipes pipes i pipes pipes g % Reduction

in mm inspected  rejected  Rejection  inspected rejected  Rejection  of rejection

150 205 30 14.63 3231 185 573 o083
200 1322 130 983 1744 15 4.30 5620
250 1617 158 .7 1922 6l a7 67.55
300 1465 136 928 1575 12 4.57 5075
350 2660 225 B.46 1302 15 5.76 3191
450 447 42 9.40 562 26 4.63 50.74
500 2055 197 .59 1 106 53 4.79 50.05
it} 178 19 10.67 1127 - 390 6345

Impact of the Study

The study impacted positively in werms of earning more foreign currency in dollar value.
This enhanced the profit turnover of the organization substantially. Reduction of rejection
of pipes by adopting the process approach of “doing the right thing right the first lime’,
enabled reducing the cyele time of pipe manufacturing process appreciably.

Successful implementation of the above recommendations led the organization Lo
capture the export market — particulady the export markel in Korea. Installation of a
sound statistical system at some key lechnical processes consolidated the process of
day-to-day decision making. The extent of the reduction in rejection percentage for
different pipe diameters can be seen in Table 15,

Relerences

Montgomery, I, C. (199 1) fnrrodiction to Staristical Quality Control {Wiley ).
Montgomery, I, C. (1997 ) Design and Analvsis of Experiments {Wiley).
White, M. A (1999) Properties af Materials (Oxford University Press).
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Appendix L. X - MR chart for Sulphur Percentage at Mini Blast Furnace Operation
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Figure 3. Histogram of Sulphur % at MBF operation

Appendix 2. Box—Whisker Plot
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Figure 4. Box plot for 100 mm. diameter pipe thickness
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Figure 5. Box plot for 900 mm. diameter pipe thickness

Appendix 3. Analysis on Percentage Retention of Incoming Sand for Cement

Mortar
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Figure 7. Percent retention on 20, 30, 40 & 50 ASTM sieve of incoming sand
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Appendix 4, Analysis of Percentage Retention of Processed Sand used in Cement
Mortar Lining
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Figure 13. Percent retention on — 200 ASTM sieve of processed sand

Appendix 5. Write-up on Box —Whisker plot

In a box plot, the centre vertical line marks the median of the sample. The length of each
box shows the range within which the centmal 50% of the values fall, with the box edges
(called hinges) at the first and third guartiles. The whiskers show the range of values that
fall within the mner fences (but does not necessanly extend all the way o the inner
fences). Values between the mner and outer fences are plotied with astensks. Values
outside the outer fence are plotted with empty circles.

Whiskers Far vuside value
/ Median ™
7 \x k]
F, [
*4
i
\ 7 /
b / Duiside value
Y Iinges

The fences are defined as follows:

Lower inner fence = lower hinge — (1.5 (median - lower hinge))
Upper inner fence = upper hinge + (1.5 (upper hinge — median))
Lower outer fence = lower hinge — (3 (median — lower hinge))
Upper outer fence = upper hinge + (3(upper hinge — median))

Hspread 1s comparable 1o the mter-guartile range or midrange. 1t s the absolute value of
the difference between the values of the two hinges. The Whiskers show the range of
values that fall within 1.5 Hspreads of the hinges. They do not necessarly extend o the
mnner fences. Values outside the inner fences are plotted with asterisks. Values outside
the outer fences, called far outside values, are plotted with empty circles.
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Appendix 6. Impact of Chemical Composition on Spheroidal Graphitic Cast Iron

Material

Chemical
COmposiion
%

Impact on the higher side

Impact on the ower side

Silicon [Si]

Carbon [C]

Manganese
[Mn]

Fhosphorus
[F]

Sulphur [§]

Magnesium
[Mg]

Titamum [Ti]

Leads to high Carbon Equivalent
(CE) and higher melting pomnt
and affects casting parameters.
Results in less growth after heat
treatment. Also leads to graphite
agglomerton.

Leads to high CE and high melting
point of metal (hyper eutectic)
and affects casting parameters.
Increases bnttleness and lowers
tensile strength.

Increases the tensile strength and
toughness. However, very high
Mn affects diffusion
characteristics of Carbon and
mcreases annealing cost due 1o
requirement of high temperature.

Increases fluidity and generates
brittleness due o ron phosphite
(FeaP) formation.

Eesults i high slag and dross
generation due to Mg5, CalS and
Fe§ formation.

Leads o brittleness due 1o
Magnesium Phosphite formation
in cold regions on the earth.

Above 0L06% genertes Tilanmm
Carbide and increases the
requirement of high temperature
for annealing.

Leads o crack generation.
Creates problem in heat
treatment doe to formation
of more carbide resulting in
low elongation %.

Module count decreases and
as a result ductility will
decrease.

Material becomes soft and
generates ovality
particulady for pipes of
higher diameter.

It's good but cost of
manufacture increases due
Lo its redoction.

Retards MgS generation and
mcreases the nucleation
sites of graphite resulting in
low ductility.

Results in lower ductility.

Up 1o 0.06% is ferritizer. And
that™s good.
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