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Abstract High-density polyethylene (HDPE) pipes find
versatile applicability for transportation of water, sewage
and slurry from one place to another. Hence, these pipes
undergo tremendous pressure by the fluid carried. The
present work entails the optimization of the withstanding
pressure of the HDPE pipes using Taguchi technique. The
traditional heuristic methodology stresses on a trial and
error approach and relies heavily upon the accumulated
experience of the process engineers for determining the
optimal process control parameters. This results in setting
up of less-than-optimal values. Hence, there arouse a
necessity to determine optimal process control parameters
for the pipe extrusion process, which can ensure robust
pipe quality and process reliability. In the proposed opti-
mization strategy, the design of experiments (DoE) are
conducted wherein different control parameter combina-
tions are analyzed by considering multiple setting levels of
each control parameter. The concept of signal-to-noise
ratio (S/N ratio) is applied and ultimately optimum values
of process control parameters are obtained as: pushing zone
temperature of 166 °C, Dimmer speed at 08 rpm, and Die
head temperature to be 192 °C. Confirmation experimental
run is also conducted to verify the analysis and research
result and values proved to be in synchronization with the
main experimental findings and the withstanding pressure
showed a significant improvement from 0.60 to 1.004 Mpa.
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Introduction

The manufacture of HDPE pipes of 32 mm outer diameter
involves an extrusion process for extruding a hollow pipe
using blow molding technique. The elements required for
extrusion process are the extruding machine setup and
PolyEthylene (PE) granules. The selected material for the
pipe (PE granules) is first heated in the mixer machine.
After attaining the required temperature, it is manually fed
into the extruder machine through a feeder. Here, the
material enters into the long barrel of the machine where
the material is fed all through the process through the
feeding zone, melts in the melting zone and is pushed into
the die head in the pushing zone. Here, the barrel is divided
into three zones to maintain equal material flow rate
throughout the process. For this purpose, a rotating screw is
fixed inside the barrel (which would be almost the size of
the barrel). This screw pushes the material from the feeder
to the die head. The die head is fixed, based on the diameter
of the pipe required. At this die head, pressurized air is sent
in between the material for attaining hollow shape. The
pipe coming out of the die head is cooled using cooling
water supply for the solidification purpose. Proper cooling
temperature should be maintained for the solidification and
smooth finish of the pipe at the die head. The pipe coming
out of die head is first sent into the cooling tank and then it
is pulled by the take-off machine. The speed of the take-off
machine is set based on the required pipe thickness. This
pipe will be further sent for pressure testing to test the
withstanding pressure. HDPE plastic pipes are mainly used
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for transportation of water from one place to another place.
Hence, these pipes undergo tremendous pressure by water.
Higher withstanding pressure is supposed to result in a
better condition of the pipe. Therefore, the withstanding
pressure should be set the higher the better.

The pressure test was carried out not earlier than 24 h
after the pipes have been manufactured. The test specimen
consisting of pipe having free length between the end fit-
tings equal to ten times the outside diameter, but not less
than 250 mm and not greater than 750 mm, has been taken
for testing from each pipe to be tested. The apparatus
consisting of equipment permitted the application of a
controlled internal hydraulic pressure to the specimens
which are immersed in a thermostatically controlled water
bath.

The pressure testing procedure was performed in three
steps as follows:

Step 1:  The pipes were fitted with the locking plugs at
both ends in such a way that the axial forces
coming from the internal pressure are trans-
mitted to the pipe. The pipe was remained free
to move in longitudinal direction.

Through a closable opening in one of the
locking plugs, the pipe was filled with water
at ambient temperature. It was then put in a
water bath at the test temperature of 80 °C
and kept in the bath for minimum 1 h to adjust
the temperature.

The pressure in the pipe was then increased to
the test pressure (p = 3.8 Mpa) gradually and
without shock, preferably within 10-30 s in
the bath.

Step 2:

Step 3:

After the above test procedure, the pipe samples were
inspected not to show signs of localized swelling or leakage
and burst during the prescribed test duration. If the test showed
failure within a distance equivalent to the length of end cap
from the end, then it was discarded and the test repeated.

Figure 1 shows the process flow chart of the HDPE pipe
manufacturing process. Figure 2 shows the extruding
machine setup with die head and Fig. 3 shows the extruded
HDPE pipes. Figure 4 depicts the Dimmer speed regulator
and Fig. 5 illustrates the panel board showing different
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Fig. 4 Dimmer speed regulator

zone temperatures. Figure 6 shows the photograph of
hydrostatic pressure testing machine with the end plugs
arrangements, used for testing the withstanding pressure of
the HDPE extruded pipes.

The key product characteristic of concern is the with-
standing pressure of the pipe. The process control param-
eters influencing the withstanding pressure of the pipes are:
the feeding zone temperature, melting zone temperature,
pushing zone temperature, dimmer speed and die head
temperature. These are the factors which mainly govern the
withstanding pressure to improve the pipe quality. Among

Selecting the
material grade

—>| Heating |—>| Feeding |—>| Extruding |—>| Cooling |—>| Take off |—>| Testing

Analysis of experimented
results

Fig. 1 Process flow chart of the HDPE pipe manufacturing process
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Fig. 6 Hydrostatic pressure testing machine

the enlisted process control parameters, it is necessary to
identify the dominant factors, reducing the variables and
determining the optimal process control variable values to
promote the efficiency of the extrusion manufacturing
process.

In this research, the method of experimental design and
selection of the related factors to implement the experiment
of the extrusion process are applied. The observations
(response value) on the experiments are analyzed by the
concept of signal-to-noise ratios (S/N) taken from different
levels of the related factors. Moreover, the optimal com-
bination of control parameters is recognized to gain the
optimized pipe quality and reduce variability. Finally,
confirmation experiments using the optimal combination of
control parameters are implemented. The confirmation
experiment confirms the results of the main experiment.

Literature review

This section presents a comprehensive review report of the
literature surveyed in the areas of Taguchi method of
design of experiments and enlists the improvements
achieved through the said process.

Yu et al. (2004) determined the optimal die gap pro-
gramming of extrusion blow molding processes that
establish a back propagation network using a Taguchi’s
experimental array to predict the relationship between
design variables and responses. Lakshminarayanan and

Balasubramanian (2008) applied the Taguchi approach and
determined the optimal value of tensile strength of friction
stir-welded RDE-40 aluminum alloy as 303 MPa. Through
the Taguchi parametric design approach, the optimum
levels of parameters were determined and the results were
confirmed by further experiments. Parameswara Rao and
Sarcar (2009) studied the influence of optimal parameters
of wire cut EDM on cutting speed, surface roughness, spark
gap and material removal rate of brass workpiece. This
study was useful in finding cutting time for any size of job
and to set parameters namely discharge current, voltage at
rated wire speed and tension, for required surface finish
with high accuracy of cutting. Kim and Lee (2009) once
again applied the Taguchi method to determine the hybrid
welding conditions of aluminum alloy (AA5052-H32). By
employing Taguchi method, they determined the optimal
process parameters associated with hybrid welding of
aluminum alloy. Results of tensile testing corresponding to
orthogonal array were used to compute signal-to-noise
ratios for optimal combination of parameters. The most
crucial hybrid welding parameter determined by ANOVA
was the weld direction. Chen et al. (2009) identified that
the critical to quality characteristic identified was the
roundness of holes cut by a plasma machine. They con-
ducted the design of experiments with a total of 36
experiments in which the optimal setting combination was
identified as 93 in/min for feed rate, 100 V for voltage and
63 A for amperage. Prashantha et al. (2009) in their
research found that the addition of 2 wt% of carbon nan-
otubes into polypropylene (PP) significantly reduced the
shrinkage and warpage of injection-moulded parts up to
48%. The method employed was the Taguchi approach to
study the effects of process parameters on the warpage and
shrinkage of injection-moulded parts. Kamaruddin et al.
(2010) evaluated the performance of plastic (75%
polypropylene and 25% low-density polyethylene LPDE)
trays in terms of its shrinkage behavior. An orthogonal
array (OA), main effect, signal-to-noise (S/N) ratio and
analysis of variance (ANOVA) are employed to analyze
the effect of injection molding parameters on the shrinkage
behavior of the product. The optimum total shrinkage is
found to be 0.1521 cm. Using Taguchi method for design
of experiment (DOE), other significant effects such as

Table 1 The different process parameters and their levels

S. no. Parameters Level 1 Level 2
1 Feeding zone temperature 135 148
2 Melting zone temperature 175 178
3 Pushing zone temperature 155 160
4 Dimmer speed 16 20
5 Die head temperature 181 190
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Table 2 Taguchi standard orthogonal array OA32(23 D)
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Table 2 continued
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

16 2 2 1 1 1 1 2 2 1 1 2 2 2 2 1 1
17 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
18 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1
19 1 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1
20 2 1 2 1 2 1 2 1 1 2 1 2 1 2 1 2
21 1 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1
22 2 1 2 1 1 2 1 2 2 1 2 1 1 2 1 2
23 1 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2
24 2 1 2 1 1 2 1 2 1 2 1 2 2 1 2 1
25 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1
26 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2
27 1 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2
28 2 1 1 2 2 1 1 2 1 2 2 1 1 2 2 1
29 1 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2
30 2 1 1 2 1 2 2 1 1 2 1 2 1 2 2 1
31 1 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1
32 2 1 1 2 1 2 2 1 1 2 2 1 2 1 1 2

interaction among injection molding parameters are also
investigated. Zaharudin et al. (2012) employed the Taguchi
method for optimizing the manufacturing parameters of
friction materials produced by powder metallurgy method.
The key quality characteristics identified were hardness,
specific gravity, and wear. Taguchi method was used for
optimizing the manufacturing parameters, namely molding
pressure, molding temperature and molding time, for fric-
tion materials. Mehat et al. (2012) identified the shrinkage
behavior as one of the crucial problems in plastic moulded
gear. On integrating the gray relational analysis and
Taguchi method, the shrinkage behavior in tooth thickness,
addendum and dedendum circles of moulded gear is
investigated via optimization of process parameters. The
melt temperature was the prominent parameter followed by
packing pressure, cooling time and packing time.

Pareek and Bhamniya (2013) used the Taguchi and
ANOVA methods for finding an optimum value of the
melting temperature, injection pressure and cooling time
for an injection molding process. Lal and Vasudevan
(2013) employed the Taguchi method comprising S/N ratio
and orthogonal arrays for determining the optimum com-
binations of the process conditions for shrinkage in mold-
ing of low-density polyethylene (LPDE). The results
showed that the cooling time was the most effective factor

for LPDE followed by refilling pressure and injection
pressure was found to be the least effective factor. Mari-
ajayaprakash et al. (2013) found the optimum process
parameters of shock absorber process using failure mode
and effect analysis and genetic algorithm. Chen et al.
(2013) studied on simultaneous optimization of multiple
interrelated quality indices, leading to product quality
improvement in the field of plastic injection molding. The
component under consideration was the thin front cover of
a digital camera. The ANOVA methodology was applied to
find the significant process parameters that affect the part’s
quality indices and efficient frontier of the process
parameters was found with only a few experiments.
Sharma and Srinivasa Rao (2013) implemented the six
sigma DMAIC and ANOVA combinational approach for
improving the machining process performance of thrust
face width grinding of a connecting rod of an internal
combustion engine. The cause and effect relationship,
FMEA and the ANOVA were finally used for identifying
the root cause and improving the sigma levels of the con-
necting rod machining process.

From the above cited literature, it can be construed that
the Taguchi approach is widely employed for finding the
optimal processing parameters for many manufacturing
processes. Thus, in the present investigation, the Taguchi
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Table 3 Levels of factors in each trial and their corresponding results

Level Feeding zone  Melting zone  Pushing zone  Dimmer Die head Pipe 1 Pipe 2 Pipe 3
temperature temperature temperature speed temperature ~ withstanding withstanding withstanding
2% @h 23 5] ) pressure (MPa)  pressure (MPa)  pressure (MPa)
1 135 175 155 16 181 0.648 0.734 0.837
2 135 175 155 16 190 0.620 0.745 0.790
3 135 175 155 20 181 0.650 0.583 0.740
4 135 175 155 20 190 0.600 0.627 0.727
5 135 175 160 16 181 0.689 0.757 0.846
6 135 175 160 16 190 0.694 0.784 0.812
7 135 175 160 20 181 0.596 0.633 0.713
8 135 175 160 20 190 0.656 0.723 0.816
9 135 178 155 16 181 0.743 0.844 0.896
10 135 178 155 16 190 0.646 0.740 0.844
11 135 178 155 20 181 0.543 0.569 0.660
12 135 178 155 20 190 0.616 0.632 0.715
13 135 178 160 16 181 0.643 0.731 0.812
14 135 178 160 16 190 0.739 0.812 0.846
15 135 178 160 20 181 0.546 0.569 0.664
16 135 178 160 20 190 0.521 0.641 0.749
17 148 175 155 16 181 0.769 0.841 0.849
18 148 175 155 16 190 0.622 0.640 0.790
19 148 175 155 20 181 0.598 0.696 0.788
20 148 175 155 20 190 0.556 0.573 0.660
21 148 175 160 16 181 0.621 0.797 0.817
22 148 175 160 16 190 0.723 0.814 0.896
23 148 175 160 20 181 0.566 0.573 0.667
24 148 175 160 20 190 0.679 0.702 0.798
25 148 178 155 16 181 0.711 0.725 0.816
26 148 178 155 16 190 0.616 0.687 0.743
27 148 178 155 20 181 0.519 0.534 0.657
28 148 178 155 20 190 0.579 0.590 0.670
29 148 178 160 16 181 0.618 0.759 0.814
30 148 178 160 16 190 0.718 0.733 0.779
31 148 178 160 20 181 0.641 0.661 0.772
32 148 178 160 20 190 0.596 0.617 0.699

approach for design of experiments is selected as the pri-
mary tool for setting up the optimal control parameters for
the manufacturing of high-density poly ethylene (HDPE)
pipes through extrusion process.

Experimental design or design of experiments
(DoE)

The design of experiments (DoE) is an efficient proce-
dure for planning experiments, so that the data obtained
can be analyzed to yield valid and objective conclusions.
DoE begins with determining the objectives of an

’r @ Springer

experiment and selecting the process factors for the
study. An experimental design is the laying out of a
detailed experimental plan in advance of doing the
experiment. Well-chosen experimental designs maximize
the amount of “information” that can be obtained for a
given amount of experimental effect. In an experiment,
the values of one or more process factors are changed to
observe the effect; the changes have on one or more
response variables (factors). In the present study, the
main purpose of the experimental design is to understand
the effects of changing the level of the factors to the
result of extrusion process, especially focusing on the
withstanding pressure of the pipe.
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Table 4 ANOVA table

Source Df SS Mss = SS/Df F-ratio Theoretical F-ratio
Feeding zone temperature (A) 1 0.003177 0.003177 0.758 7.88
Melting zone temperature (B) 1 0.0125 0.0125 2.985 7.88
Pushing zone temperature (C) 1 0.0168 0.0168 8.12 7.88
Dimmer speed (D) 1 0.29 0.29 69.253 7.88
Die head temperature (E) 1 0.04887 0.04887 10.52 7.88
A X B 1 0.00643 0.00643 1.535 7.88
AxC 1 0.008544 0.008544 2.040 7.88
B xC 1 0.005745 0.005745 1.3719 7.88
AxD 1 0.005548 0.005548 1.324 7.88
B x D 1 0.0121 0.0121 2.889 7.88
CxD 1 0.005873 0.005873 1.4025 7.88
A X E 1 0.0104 0.0104 2.483 7.88
B xE 1 0.00406 0.00406 1.099 7.88
CxE 1 0.0436 0.0436 10.411 7.88
D x E 1 0.0159 0.0159 3.797 7.88
AxBxC 1 0.0119 0.0119 2.841 7.88
AXBxD 1 0.017 0.017 4.059 7.88
Ax CxD 1 0.004861 0.004861 1.1608 7.88
B x CxD 1 0.006876 0.006876 1.642 7.88
AXBxE 1 0.004992 0.004992 1.192 7.88
AxCXE 1 0.008193 0.008193 1.956 7.88
BxCxE 1 0.0196 0.0196 4.08 7.88
AxDxE 1 0.005358 0.005358 1.279 7.88
BxDXxE 1 0.0126 0.0126 3.008 7.88
CxDXE 1 0.0106 0.0106 2.531 7.88
AxBxCxD 1 0.005664 0.005664 1.352 7.88
AxBxCXxE 1 0.0238 0.0238 5.683 7.88
AXBxDxE 1 0.006859 0.006859 1.668 7.88
AxCxDXE 1 0.004848 0.004848 1.157 7.88
BxCxDXxE 1 0.024 0.024 5.731 7.88
AXxBxCxDxE 1 0.00728 0.00728 0.173 7.88

The experimental design or the design of experiments
(DoE) involves three phases, namely:

Phase 1: preliminary experiments for determining the
significant factors.

Phase 2: finding the optimal values among the signifi-
cant factors.

Phase 3: conducting the confirmatory experiment.

Phase 1: preliminary experiments for determining
the significant factors

For conducting the experimental design, 32 mm outer
diameter pipe with PE63 grade as raw material is chosen.

The factors taken are feeding zone temperature, melting
zone temperature, pushing zone temperature, dimmer
speed and die head temperature. The experiments are
conducted by fixing two levels as per the basic raw material
properties. Table 1 shows the different process parameters
(factors) and their levels. The two-level and three-level
orthogonal array recommended by Taguchi can be utilized
for the study of multi-level factors, and are capable of
dealing with any required combination of factor levels. In
this way, the special peculiarities of factors under study can
be handled and specific experimental demands can be met,
simply by following certain factor assignment and analysis
techniques strongly recommended by Taguchi. The
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Table 5 Formation of OA32(86 X 2) from OA32(231) by multi-level column creation technique

Trial (1,18,19,30,13) (2,24,26,29,7) (4,17,21,27,14) (3,20,28,23,11) (16,6,22,15,25) (3,10,9,5,12) 31
1 1 1 1 1 1 1 1
2 1 3 6 3 3 4 2
3 1 8 3 8 8 7 2
4 1 6 8 6 6 6 1
5 2 4 2 2 2 3 2
6 2 2 5 4 4 2 1
7 2 5 4 7 7 5 1
8 2 7 7 5 5 8 2
9 3 1 3 6 6 3 2
10 3 3 8 8 8 2 1
11 3 8 1 3 3 5 1
12 3 6 6 1 1 8 2
13 4 4 4 5 5 1 1
14 4 2 7 7 7 4 2
15 4 5 2 4 4 7 2
16 4 7 5 2 2 6 1
17 5 2 4 2 2 6 2
18 5 4 7 4 4 7 1
19 5 7 2 7 7 4 1
20 5 5 5 5 5 1 2
21 6 3 3 1 1 8 1
22 6 1 8 3 3 5 2
23 6 6 1 8 8 2 2
24 6 8 6 6 6 3 1
25 7 2 2 5 5 8 1
26 7 4 5 7 7 5 2
27 7 7 4 4 4 2 2
28 7 5 7 2 2 3 1
29 8 3 1 6 6 6 2
30 8 1 6 8 8 7 1
31 8 6 3 3 3 4 1
32 8 8 8 1 1 1 2

experimented results are tabulated according to a standard
orthogonal array of OAj, recommended by Taguchi.
Table 2 shows the standard orthogonal array recommended
to Taguchi. For each experiment, a pipe of 3 m length has
been taken and it is tested for its withstanding pressure.
Table 3 shows the level of factors in each trial and their
corresponding results. After the pressure testing, ANOVA
technique is applied and it has been found that three factors
(pushing zone temperature, dimmer speed, die head tem-
perature) among the five factors are significant. Table 4
summarizes the ANOVA procedure.

)
’r @ Springer

Phase 2: finding the optimal values
among the significant factors

For the three significant factors deduced from ANOVA, an
orthogonal array, fixing five levels is developed, using
multi-level column creation technique and dummy-level
technique. According to this array, again second phase of
experiments is conducted and the pipes have been tested.
Orthogonality is the ability to extract and separate out the
effects of different factors. This property is satisfied if, for
example, for each pair of factors, every combination of
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Table 6 Dummy-level technique on the OA32(86 X 2)

Trial Pushing zone temperature Dimmer speed Pzt x Ds Die head temperature  (Pzt) x (Dh) (Ds) x (Dh) (Pzt) x (Ds) x (Dh)
(pzt) (Ds) (Dh)
1 1 1 1 1 1 1 1
2 1 3 6 (3) 8 (1) 3 4 2
3 1 8 (1) 3 3 8 (1) 72 2
4 1 6 (3) 8 (1) 6 (3) 6 (3) 6 (3) 1
5 2 4 2 5 2 3 2
6 2 2 5 4 4 2 1
7 2 5 4 72) 7(2) 5 1
8 2 7(2) 7(2) 2 5 8 (1) 2
9 3 1 3 8 (1) 6 (3) 3 2
10 3 3 8 (1) 1 8 (1) 2 1
11 3 8 (1) 1 6 (3) 3 5 1
12 3 6 (3) 6 (3) 3 1 8 (1) 2
13 4 4 4 4 5 1 1
14 4 2 7(2) 5 7(2) 4 2
15 4 5 2 2 4 72" 2
16 4 72 5 72 2 6 (3) 1
17 5 2 4 72 2 6 (3) 2
18 5 4 7(2) 7(2) 4 7(2) 1
19 5 72" 2 4 7(2) 4 1
20 5 5 5 5 5 1 2
21 6 (3) 3 3 6 (3) 1 8 (1) 1
22 6 (3) 1 8 (1) 3 3 5 2
23 6 (3) 6 (3) 1 8 (1) 8 (1) 2 2
24 6 (3) 8 (1) 6 (3) 1 6 (3) 3 1
25 72 2 2 72 5 8 (1) 1
26 72 4 5 2 72 5 2
27 7(2) 72" 4 5 4 2 2
28 7(2) 5 7 (2) 4 2 3 1
29 8 (1) 3 1 3 6 (3) 6 (3) 2
30 8 (1) 1 6 (3) 6 (3) 8 (1) 72" 1
31 8 (1) 6 (3) 3 1 3 4 1
32 8(1) 8 (1) 8 (1) 8 (1) 1 1 2

factor levels exists and occurs equally often. Orthogonal
array is represented by (OA,, (mk)), in which ‘m’ stands for
the number factors, ‘n’ stands for the no. of trials or
experiments required and ‘k’ stands for number of levels.
Table 5 shows the formation of OA3(8% x 2) from
0A3,(2*h by multi-level column creation technique.
Table 6 shows the formation of OA3,(8°% x 2) from
OA+,(2*") by dummy-level technique. Table 7 shows the
final modified orthogonal array applicable for the second
phase of experiments. The final selection of the experi-
mental factor and factor’s levels is shown in Table 8. From
the modified orthogonal array, the levels of factors in each
trial are summarized in Table 9. The withstanding pressure

values (MPa) for each one meter pipe are summarized in
Table 10.

Phase 3: conducting the confirmatory experiment

A confirmatory experiment is conducted at optimal process
parameters as documented in Table 11.

Results and discussion

The Phase wise results of the DoE performed are discussed
as follows:
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Table 7 Modified orthogonal array

Factor/trial 1 2 3 4 5 6 7
1 1 1 1 1 1 1 1
2 1 3 3 1 3 4 2
3 1 1 3 3 1 2 2
4 1 3 1 3 3 3 1
5 2 4 2 5 2 3 2
6 2 2 5 4 4 2 1
7 2 5 4 2 2 5 1
8 2 2 2 2 5 1 2
9 3 1 3 1 3 3 2
10 3 3 1 1 1 2 1
11 3 1 1 3 3 5 1
12 3 3 3 3 1 1 2
13 4 4 4 4 5 1 1
14 4 2 2 5 2 4 2
15 4 5 2 2 4 2 2
16 4 2 5 2 2 3 1
17 5 2 4 2 2 3 2
18 5 4 2 2 4 2 1
19 5 2 2 4 2 4 1
20 5 5 5 5 5 1 2
21 3 3 3 3 1 1 1
22 3 1 1 3 3 5 2
23 3 3 1 1 1 2 2
24 3 1 3 1 3 3 1
25 2 2 2 2 5 1 1
26 2 4 5 2 2 5 2
27 2 2 4 5 4 2 2
28 2 5 2 4 2 3 1
29 1 3 1 3 3 3 2
30 1 1 3 3 1 2 1
31 1 3 3 1 3 4 1
32 1 1 1 1 1 1 2

Results of phase 1: preliminary experiments
for determining the significant factors

After performing the preliminary round of experiments, it
has been found that three factors (pushing zone

Table 8 Experimental factors and levels

temperature, dimmer speed, die head temperature) are the
significant factors among the all five factors, namely
feeding zone temperature, melting zone temperature,
pushing zone temperature, dimmer speed, and die head
temperature as, deduced from the ANOVA results tabu-
lated in Table 4.

Results of phase 2: finding the optimal values
among the significant factors

This research concentrated on parameter design which is
formatted by Dr. Taguchi to evaluate signal-to-noise ratios
(S/N). All the response values generated from this experi-
ment were converted to S/N ratios and the consequent
analysis was conducted using the statistic estimation to
estimate S/N ratios under different factors-level combina-
tions. The highest value of S/N ratio would be the optimum
factor-level combination, because the product would have
the minimum variance with this factor level.

The first step of data analysis is to convert all the
observed value of experimental combination into S/N
ratios. Since the withstanding pressure of the pipe is the
larger the better in these experiments, the S/N ratio should
be calculated using the following equation:

1
S/N ratio = —101 - -2
/N ratio Oglo{nzy }

One of the main purposes of these experiments is to
determine the optimum standard level for each factor.
According to the definition of S/N ratio, the higher the S/
N ratio the better the result quality would be produced. It is
because the lower loss was occurred with the higher value
of the S/N ratio. It is also the reason that the higher value of
the S/N ratio was chosen in the present work.

Table 12 summarizes the withstanding pressure (WSP)
signal-to-noise (S/N) ratios and Figs. 7, 8,9, 10 and 11 give
the corresponding graphical plots of the S/N ratios for
various levels.

From S/N ratio graph 1 of Fig. 7, it is deduced that at
level 4 the pushing zone temperature at 166 °C is signifi-
cant and the greater the S/N ratio, the greater is the sig-
nificance. From S/N ratio graph 2 of Fig. 8, the dimmer

Factors level Pushing zone temperature (A)

Dimmer speed (B) Die head temperature (C)

1 160
2 162
3 164
4 166
5 170

16 190
14 192
12 194
10 196
08 198

)
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Table 9 Levels of factors in each trial

Factors/trials  Pushing zone Dimmer Die head Factors/trials  Pushing zone Dimmer Die head
temperature speed temperature temperature speed temperature
1 160 16 190 17 170 14 192
2 160 12 190 18 170 10 192
3 160 16 194 19 170 14 196
4 160 12 194 20 170 8 198
5 162 10 198 21 164 12 194
6 162 14 196 22 164 16 194
7 162 8 192 23 164 12 190
8 162 14 192 24 164 16 190
9 164 16 190 25 162 14 192
10 164 12 190 26 162 8 192
11 164 16 194 27 162 10 198
12 164 12 194 28 162 14 196
13 166 10 196 29 160 12 194
14 166 14 198 30 160 16 194
15 166 8 192 31 160 12 190
16 166 14 192 32 160 16 190

speed at level 5, i.e., 8 rpm, is significant and from S/
N ratio graph 3 of Fig. 9, die head temperature at level 2,
ie., 192 °C, is significant. From S/N ratio graph 4 of
Fig. 10, the interactions between pushing zone temperature
at 166 °C and dimmer speed at 8 rpm are significant. From
graph 5 of Fig. 11, the interaction between pushing zone
temperature at 166 °C and die head temperature at 192 °C
is significant.

Results of phase 3: conducting the confirmatory
experiment

Confirmatory experiments are conducted on different
workpieces with the above-obtained optimum conditions.
From the confirmatory experiments, the withstanding
pressure values are observed to be more than those
obtained in the series of experiments done earlier. The

withstanding pressure had improved significantly from the
initial values of 0.60-1.004 Mpa, as deduced from confir-
matory experiment results tabulated in Table 13.

Conclusion

There are five controllable factors (process parameters) and
each of them consists of two levels in these experiments of
extrusion process initially. Therefore, 2° = 32 different
combinations of the factor’s levels were selected and each
combination of factor level is separated to do a reduplicate
factor experiment. After conducting these experiments,
Taguchi’s method was used to analyze each response
value. The pushing zone temperature, dimmer speed, die
head temperature in the extrusion process were correlated
significantly to the quality characteristic.
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Table 10 The withstanding

pressure values (MPa) for each Trial Position 1 Position 2 Position 3 Position 4 Position 5 Position 6

1 m pipe 1 0.78 0.79 0.82 0.86 0.89 0.92
2 0.844 0.867 0.88 0.92 0.97 0.99
3 0.748 0.756 0.766 0.87 0.89 0.94
4 0.903 0.921 0.95 0.96 0.99 1.004
5 0.978 0.982 0.991 1.001 1.005 1.009
6 0.856 0.864 0.879 0.889 0.902 0.994
7 1.079 1.088 1.092 1.095 1.010 1.16
8 0.873 0.896 0911 0.924 0.946 0.966
9 0.783 0.789 0.812 0.853 0.876 0.898
10 1.005 1.009 1.010 1.014 1.019 1.026
11 0.720 0.744 0.763 0.788 0.793 0.814
12 0.981 0.990 1.002 1.008 1.012 1.016
13 1.0241 1.0246 1.0256 1.026 1.0278 1.0284
14 0.945 0.956 0.963 0.978 0.998 1.006
15 1.116 1.119 1.126 1.162 1.172 1.178
16 0.90 0.96 0.99 1.003 1.009 1.014
17 0.850 0.873 0.894 0915 0.944 0.952
18 1.045 1.056 1.066 1.076 1.084 1.088
19 0.951 0.959 0.964 0.971 0.988 0.996
20 1.011 1.017 1.022 1.032 1.046 1.066
21 1.090 1.099 1.102 1.108 1.113 1.118
22 0.751 0.764 0.773 0.781 0.791 0.886
23 1.0486 1.0493 1.0498 1.051 1.056 1.076
24 0.815 0.821 0.843 0.859 0.871 0.896
25 0.915 0.919 0.926 0.953 0.962 0.978
26 1.148 1.153 1.169 1.186 1.194 1.198
27 1.0149 1.0164 1.0176 1.0188 1.0192 1.0198
28 0.981 0.986 0.991 0.996 1.001 1.006
29 0.990 0.996 1.003 1.006 1.014 1.018
30 0.978 0.982 0.986 0.992 0.996 0.999
31 1.0795 1.0799 1.0810 1.0826 1.0831 0.846
32 0.768 0.769 0.774 0.782 0.794 0.85

Table 11 Confirmatory experiment optimal process parameters’
values

Process parameter Optimal value

140 °C
176 °C
166 °C
8 RPM
129 °C

Mo aw >

Further investigations are made to these three factors by
increasing the levels of each factor from two to five and the
same procedure is repeated by taking modified orthogonal
array. The pushing zone temperature, dimmer speed, die
head temperature in the extrusion process again correlated

’r @ Springer

significantly to the quality characteristic. This research
concentrated on parameter design developed by Dr.
Taguchi to calculate the S/N ratio. After all the quality
values were converted to S/N ratios, the consequent anal-
ysis was conducted using the statistic estimation to esti-
mate S/N ratios under different parameter-level
combinations. The highest value of S/N ratio was con-
formed to be the optimum parameter-level combination,
because it had the minimum variance. After Taguchi’s S/
N analysis and the following experiments, the combination
of A4, Bs and C, was chosen as the optimum factor level
which was as follows: pushing zone temperature 166 °C,
dimmer speed 08 rpm, and die head temperature 192 °C.

After the optimal combination of factor level was
selected, the final process was to conduct the confirmation
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Table 12 The effects of Trial A B C WSP-S/N K I I :
controllable factors on 5 ]
Wlthstandlng pressure (WSP)— 1 1 1 1 —3517 -
signal to noise (S/N) ratio =
2 1 3 1 —1.947 =
3 1 1 3 —4.006 - B1 B3 B4 BS .
: 1
4 1 3 3 —0969 =, :
5 2 4 5 —0.117 3l
6 2 2 4 2238 &
7 2 5 2 1931 LEVEL
8 2 2 2 —=1.715
9 3 1 1 —3.680 Fig. 8 S/N ratio graph 2
10 3 3 1 0.273 .
T T O SO [ :
23 3 3 0025 05 - /\ ;
13 4 4 4 0.516 g 0 . . . . »
14 4 2 5 -0535 E c c2 c3 c4 cs .
15 4 5 2 2700 g 09
16 4 2 2 —0470 E -1 i
17 5 2 2 =205 05 ] :
18 5 4 2 1.330 ' :
19 5 2 4 —0586 eSS EESEsEEERE SR SESs s SREG SaaEE
20 5 5 5 0.626 LEVELS
21 33 3 1.990 Fig. 9 S/N ratio graph 3
22 3 1 3 —4.770
23 3 3 1 1.070 4 -
24 3 1 1 —3.260 3 B
—
25 2 2 2 —1210 2 " : B
-
26 2 4 2 3.211 ;% 1 e <,
27 2 2 5 0.350 é 0 . .
2 2 5 4 —0.130 z 1 o " “
@ Ll ——
29 1 3 3 0.087 -2 B :
30 1 1 3 =0.226 3.
31 3 1 1572 -4 Py
32 1 1 1 —4.760 -5 LEVELS
Fig. 10 S/N ratio graph 4
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Fig. 7 S/N ratio graph 1 Fig. 11 S/N ratio graph 5
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Table 13 Confirmatory experiment results

Trial no. Pressure values, MPa
1 0.9972

2 1.0113

3 1.009

4 0.9985

5 1.004

run. The result successfully confirmed that the response
value showed significant improvement from 0.60 to
1.004 MPa.
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