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Abstract: The combustion of massive palm oil wastes has led to the production of Palm Qil Fuel Ash (POFA),
especially in Malaysia. In this paper, POFA was applied in a triaxial ceramic application as a secondary filler
material. Taguchi Grey Relational Analysis (TGRA) was used to distinguish new parameters efficiently. The
parameters investigated were the type of POFA, composition of POFA, molding pressure, sintering temperature,
and soaking time. Meanwhile, the responses analyzed included shrinkage, water absorption, apparent porosity,
bulk density, and flexural strength. The experimental design was applied based on the Taguchi Lis orthogonal array
after considering five parameters with 2-3 mixed levels. Statistically, sintering temperature was appointed as the
most significant parameter for all responses investigated. The TGRA had suggested that the highest performances
were obtained at this condition: 15 wt.% of unground POFA, pressed at 2 t, sintered at 1200 °C, and soaked for 300
min. The achievement of responses with optimal parameters were validated by the crystalline phase and
morphology analyses using X-ray diffraction (XRD) and scanning electron microscope (SEM) respectively.

Keywords: Triaxial ceramic; Palm Oil Fuel Ash; Taguchi Grey Relational Analysis; Waste material; Lis
orthogonal array

1. Introduction

Conventional triaxial ceramic contains three main components: plastic component, flux agent, and filler material,
which are typically presented by the materials kaolin, feldspar, and quartz, respectively [1]. Plastic component is used
to provide plasticity and green strength to the body and act as a binder to shape the product. Flux agent is typically
applied to generate low melting phase and help the vitrification. Meanwhile, filler material is used to improve the
stability of body by reducing distortions and shrinkage [2]. The common formulation of composition is 25 wt.% of
clay, 25 wt.% of silica, and 50 wt.% of feldspar (generally sodium feldspar) for soft porcelain and 50 wt.% of clay,
25 wt.% of silica, and 25 wt.% of feldspar (generally potassium feldspar) for hard porcelain [3,4]. Recently, several
industrial wastes have been applied as a secondary raw material in triaxial ceramic applications [5-7]. These waste
materials are mostly presented by large silica which is approximately higher than 50 % [6,8-10]. However, all
components have been explored by previous researchers and most of the studies present significant effects to the
ceramic products studied.

POFA is a daily wastage material in the boiler of palm oil industry, where empty fruit bunches, palm kernel shell,
palm mesocarp fiber, and palm kernel cake have been used as combustible materials. The unmanageable portion of
POFA to the specific applications produces a larger landfill region, where it creates many serious problems in terms of
storage, transportations, and environmental pollution. Also, this POFA has been explored in concrete application. In the
literature, POFA has been applied as a filler and pozzolanic material to increase the strength of polymer concrete [11-
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14] Recently, POFA has also been reported as an additive material in cement to reduce the shielding of electromagnet
interference [15-18]. Previously, POFA was explored briefly in ceramic applications, where the potential of POFA was
initially studied in terms of POFA layers [19].

Exploring new raw material in an application requires multiple experiments, which is very expensive and time-
consuming processes, as all these works need a proper experimental setup and a large quantity of raw material. Several
generalized optimization methods have been applied to minimize the number of experiments and thus reduce the total
cost and time consumption. Among them, Taguchi method has been assigned as an effective tool to reduce
experimental cost [20-22]. In the recent years, Taguchi method has been applied for various applications including in
material engineering fields. Researchers have investigated the sintering conditions of high-temperature Co-fired
Ceramics on surface roughness, density, and shrinkage by using Taguchi method [23]. Normally, a full factorial design
requires 3% = 27 runs, while Taguchi method simply reduces experiment number to nine experiments. Moreover, an
investigation into synthesis and characterization of geopolymers by using treated POFA has also been optimized by
using Taguchi method [24]. In this geopolymer study, Ljs layout is used where six levels of full factorial design
requires 5° = 15,625 runs. So, it is impossible to do these experiment as well as accompanied by very high cost; while
using Taguchi method, it only needs 25 runs. One common aspect in all studies about Taguchi method is minor study
has been found in material engineering fields especially ceramic material.

The traditional Taguchi method is based on an orthogonal array of the experiment, which provides much reduced
variance between the experiment with an optimum set of process control factors, but it is not suitable for optimization
of multiple response optimization problems. Hence, TGRA is being introduced by the researchers to overcome those
problems. The GRA, a part of grey system theory, was proposed by Deng (1989) as it is a relatively accurate method
for multi-objective optimization with at least two responses. In GRA, all responses variables were converted into a
single response function - a representative of all desired response characteristics of the process and then that single
response function was maximized. TGRA started the analysis with grey relational generation value where it was a
normalized response value ranging from zero to one. Recently, Chamoli et al. have optimized the geometric and flow
parameters in a heat exchanger tube perforated disk insect using TGRA [25]. Meanwhile, Sahu and Pal have carried
out the TGRA on the friction stir welded AM20 magnesium alloy parameters [26]. Similarly, Shinde and Pawar [27],
Baruah et. al [28], and Senthilkumar et al. [29] have also applied TGRA in their respective fields.

Generally, POFA is minorly recorded in a triaxial ceramic study compared to another secondary raw material,
where it is mostly reported in concrete application. Taguchi design as a generalized optimization method has also been
minorly applied in material study. Therefore, present study applies both traditional Taguchi and Taguchi grey relational
analysis techniques to optimize the single and multi-objective of triaxial ceramic components. The experiment was
conducted by using Taguchi Lis orthogonal array layout. Furthermore, the optimal results were validated regarding
morphology analysis and a crystalline phase by using the SEM and XRD analysis respectively.

2. Methodologies

2.1 Design of Experiment and Experimental Works

The study applied Taguchi Lig orthogonal array as a layout of experimental design as shown in Table 1. Typically,
each parameter was selected based on the higher significant level which was appointed in previous findings. Recently,
different type of POFA which are UGPOFA, GPOFA, TPOFA, and UPOFA produce different ranges of response for
each respective application [12,30-32].Meanwhile, the selection of POFA composition was based on multiple ranges of
response were presented by various material composition parameters [33-35]. The forming process also influences
technical properties as reported by previous studies [36—38]. Sintering temperature parameter is highly supported by
almost all triaxial ceramic works. Meanwhile, soaking time is highly supported by a study of Bernascony et al. (2011)
[39]. Experimental works are totally based on the experimental design provided. Firstly, raw materials were prepared.
The study applied kaolin, feldspar, and quartz as plastic component, flux agent, and filler material, respectively. Kaolin
(grade KM40) was supplied by Kaolin (M) Sdn. Bhd., Malaysia, and both feldspar and quartz were supplied by Sibelco
Sdn. Bhd., Malaysia. POFA as secondary filler material was collected from Genting Ayer Hitam Oil Mill, Johor,
Malaysia. Previously, POFA has been studied in terms of POFA layer formations [19]. Combination of Layer 3 and
Layer 4 of POFA layers have been assigned as significant particle parts for triaxial ceramic application in a group of
collected POFA. These two layers have been presented by higher silica content compared to other two layers (Layer 1
and Layer 2). Moreover, Layer 1 and Layer 2 of collected POFA were presented by a large carbon content. That
combination was appointed as POFA for further evaluations like chemical composition. Hence, chemical composition
of raw materials used are given in Table 2.
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Table-1: Layout of experimental design from Taguchi Lisorthogonal array [1]

No. _Design parameters No. _Design parameters
A Bwt%) C(t) D(°C) E (min) A BWwt%) C(@{) D(°C) E (min)
1 UGPOFA 5 2 800 60 10 GPOFA 5 2 1200 300
2 UGPOFA 5 3 1000 180 11  GPOFA 5 3 800 60
3 UGPOFA 5 4 1200 300 12 GPOFA 5 4 1000 180
4 UGPOFA 15 2 800 180 13 GPOFA 15 2 1000 300
5 UGPOFA 15 3 1000 300 14 GPOFA 15 3 1200 60
6 UGPOFA 15 4 1200 60 15 GPOFA 15 4 800 180
7 UGPOFA 25 2 1000 60 16 GPOFA 25 2 1200 180
8 UGPOFA 25 3 1200 180 17 GPOFA 25 3 800 300
9 UGPOFA 25 4 800 300 18 GPOFA 25 4 1000 60
Note: A: Type of POFA; B: Composition of POFA; C: Molding pressure; D: Sintering temperature; E: Soaking time

Table-2: Chemical composition of raw materials
Oxide composition (wt.%) Kaolin Feldspar Quartz *POFA

Silica oxide (SiO2) 53.99 69.51 98.40  64.75
Aluminum oxide (Al,Os) 41.48 17.71 1.12 7.71
Iron oxide (Fe203) 1.49 0.39 0.00 6.88
Calcium oxide (CaO) - 2.73 - 8.65
Magnesium oxide (MgO) 0.49 - - 3.11
Sodium oxide (Naz0) 0.00 5.38 - -
Potassium oxide (K,O) 2.55 4.27 0.48 8.90

Note: *Selected POFA layers

The first assigned parameter is the type of POFA, where collected POFAs were sieved by 163 um sieve to form
unground POFA (UGPOFA). Some of UGPOFAS were then ground in Planetary Mono Mill Pulverisette 6 classic line
— Fritsch machine and sieved with 63 um sieve to form GPOFA. Table 3 shows the physical properties of raw
materials, where particle size of UGPOFA and GPOFA are often used as a reference.

Table-3: Physical properties of raw materials

Properties Kaolin Feldspar Quartz UGPOFA GPOFA
Specific surface area (m?/m?®) 1816256 1856388 1652048 361186 777787
Arithmetic mean diameter (um) 6.833 8.972 10.166 49.83 26.465
Geometric mean diameter (um) 5.007 5.870 6.765 34.485 18.946
Dao (Um) 1.55 1.33 1.47 9.33 3.44

D20 (um) 0.94 0.80 0.82 0.95 0.76

Dso (um) 1.43 1.27 1.35 2.47 1.64

Dao (um) 2.11 2.08 2.24 5.23 3.29

Note: D represents the diameter of powder particles, and D1 means a cumulative 10% point of diameter

The raw materials were then mixed (dry milling) in a Planetary Mono Mill Pulverisette 6 classic line — Fritsch
machine. The compositions of the raw materials are given in Table 4, where it is extracted from the level values of
second assigned parameter, composition of POFA in Table 1. Specifically, the mixing process was performed in a
250 me grinding bowl with five units of 15 mm grinding ball. It was operated at 250 rpm for 30 min to create a uniform
mixture, with evenly distributed particles of numerous sizes.

Table-4: Composition of raw materials

No _Percentage composition of raw materials (wt. %0)
Kaolin Feldspar Quartz UGPOFA GPOFA

1 50 25 20 5 -
2 50 25 10 15 -
3 50 25 - 25 -
4 50 25 20 - 5
5 50 25 10 - 15
6 50 25 - - 25
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The mixed raw materials were then dried in an oven at 100 °C for 24 h in a dry-pressing process, where moistures
content is perfectly eliminated. The dried mixed raw materials were weighed as 1 g and 10 g for cylindrical pellet and
rectangular bar mold, respectively. Dimensions of 13 mm diameter for a cylindrical pellet and 80 mm x 8 mm for a
rectangular bar were used, where it was manually pressed by using Hydraulic Carver Press machine at 2-4 t for 2 min
of hold times. Specifically, the binders were not applied during this pressing process. The compacted powders were
placed in an oven at 100 °C for 24 hours to eliminate the excess moisture content. It was then sintered in an electric
Carbolite HTF 1800 furnace at 800-1200 °C for 60-300 min of soaking times. Specifically, it was applied with
5 °C/min of constant heating and cooling rate.

Investigated performance properties were shrinkage, water absorption, apparent porosity, bulk density, and flexural
strength. Shrinkage was performed by using Vernier Calipers to measure dimensions of specimens for both before and
after the sintering process, and it is mainly performed regarding the ASTM C326 [40]. Meanwhile, three investigated
performance properties namely water absorption, apparent porosity, and bulk density were performed based on the
Archimedes principle of ASTM C373 [41]. In this work, an analytical balance from XS-64 Mettler Toledo was used as
a weightage device and a digital unstirred water bath as a heater. It was mainly used to weigh the dry mass (D), floating
in water mass (S), and saturated mass (M). Thus, water absorption, apparent porosity, and bulk density can be
calculated. In each set of parameters, five different sintered specimens were prepared to find the average results. Thus,
90 specimens altogether were prepared for each measurement. The measurements applied the cylindrical pellet
specimen. The selected molds dimension was 13 mm diameter. Finally, flexural strength test was performed using the
Shimadzu Autograph — SPL 10 KN machine. Specifically, span length of 80 mm was used for flexural strength test,
where the test was performed according to the ASTM C1161 [42]. Specifically, this flexural strength applied the
rectangular bar specimen where its dimension was 80 mm x 8 mm. It was carried out in three-point configuration. The
specimen was placed on the support at the central position and a vertical force was applied until it breaks.

The results were statistically analyzed using MINITAB 17 software to develop optimal design parameters. Sets of
optimal design parameters were validated by confirmation experiment, where it was performed with similar process but
different parameter values. Besides that, sets of optimal design parameter specimens were also validated by additional
confirmation experiment, which was crystalline phase and morphology analyses. Crystalline phase identification was
performed by XRD (Bruker D8 Advance Series 2), where it was operated at 40 kV and 40 mA using Cu Ka radiation.
Furthermore, XRD results were analyzed by EVA software to compute crystalline phases that existed in the respective
optimal specimen. Meanwhile, morphology analysis was performed by SEM (Hitachi SU15100), where metallographic
process was initially performed. The surface of the optimal specimens was polished with alumina silicate (0.05 ) after
initial grinding with several silicon carbide paper sizes. The polished surfaces were then etched in 10 wt.% hydrofluoric
acid solution for 120 s, dried, and coated with a gold sputter coating. Finally, coated samples were inserted to the
chamber of SEM machine and image of microstructure was captured and analyzed.

2.2 Overview of Traditional Taguchi and Taguchi Grey Relational Analysis

Each measured performance property was optimized by using traditional Taguchi analysis to distinguish optimal
parameter values for each respective objective. Therefore, five sets of analysis were recorded by single objective
optimization. Results of performance properties were reported in terms of average value and it was then recorded as a
signal to noise ratio (SNR) value. Theoretically, three models of SNR in the Taguchi design were recorded: (a) nominal
the best (NB) — to achieve the target with minimum deviation; (b) larger the better (LB) — to maximize the response;
and (c) smaller the better (SB) — to minimize the response. In this study, there was no performance property which was
subjected to the nominal the best criteria. Shrinkage, water absorption, and apparent porosity were subjected to the
smaller the better criteria. Minimum shrinkage value can improve the management of mold dimension in a specimen
preparation [1,43]. Then, minimum water absorption and apparent porosity can improve the qualities of products.
Meanwhile, bulk density and flexural strength were subjected to the larger the better criteria. Eq. (1) and (2) express the
applied formulae to represent SNR for the criteria of ‘smaller the better’ and ‘larger the better,” respectively. The i, n,
and y represent the experiment number, number of trials, and mean value of the observed data, respectively.

(]
1 5
SNR_.;E:—llJng[;Z}I; (1)
i=1
1 1
SNRLB= —1010g|:;Zv—2] )
=1 ¢

260



Zainudin et al., Int. J. of Integrated Engineering Vol. 11 No. 1" (2019) p. 257-269

Precisely, these SNR values can be presented directly from MINITAB 17 software. Independent of the responses, a
higher SNR values corresponds to a better performance characteristic. The response tables and main effect plots were
then developed to provide information about the optimal parameters for each performance property. Traditional
Taguchi analysis can obtain optimal parameter from the main effect plot of SNR results. Particularly, this traditional
Taguchi analysis was limited to single objective optimization due to a condition of different units applied by respective
response In TGRA, each response unit was standardized and can be adjusted by distinguish effect condition. Hence,
TGRA was performed for multiple objectives optimization. In this study, five responses were recorded in this GRA. In
GRA, all responses values were converted into a single response function, and it was called grey relational grade
(GRG) in this study.

In GRA, the analysis started with grey relational generation value where each response values were normalized
from zero to one. Eq. (3) and (4) represent the expressions of grey relational generation corresponding to ‘smaller the
better’ and ‘larger the better’ criterions, respectively. xj represents the value of grey relational generation of ith
response variable in the jth experiment. Meanwhile, Min yjj and Max y;j represent the smallest and the largest response
value respectively, of yjjfor the ith response variable among j experiments.

x;; = [Max Yij— }’e}-]f [Max ¥i; — Min }’e}-] 3

L)

Xy = [}?i}- — Min }rij-]f[Max ¥;; — Min }*E-_,-] )

The grey relational coefficient (GRC) was then calculated based on the calculated grey relational generation value.
Eqg. (5) shows the expression of GRC, where X;is the ideal normalized value i.e. the maximum of the normalized SNR
for the jth response variable and vy is the distinguishing or identification co-efficient, which is used to adjust the
difference of the relational coefficient, where v € (0,1). y generally weakens the effect of maxi |Xj-xij | when it gets too
big, enlarging the different significance of the relational coefficient. The distinguishing effects were assigned similarly
which is 0.2 because five responses were involved. At the end of GRA, GRG was calculated by averaging the GRC as
computed in Eq. (6).

= [miﬂf |X_;r - -7-':'_;!'| + $mmi |X}' - xi-’.|:|
T~ xyl+ wmax [ — x, ]

Y= (%)Z §is (6)

The single response function of GRG was then analyzed traditionally, where it is like the process of single
objective optimization. The SNR of the ‘larger the better’ criteria was used for GRG value. Furthermore, optimal
parameters were also developed from response table and main effect plot, which were obtained from MINITAB 17
software [44].

®)

3. Results and Discussions

3.1 Development of Optimal Parameters for Single Objective of Each Performance Property

With the Taguchi Lig orthogonal array layout, experiments were performed, and the measured performance
properties are given in Table 5. Meanwhile, Table 6 records the calculated SNR values, where larger the better criteria
were used for SNR of each performance property. No.3 specimen was recorded as the highest achievement because it
was presented by the highest SNR values for the four performance properties which was other than shrinkage. The
performance properties other than shrinkage was highly based on higher sintering temperature to obtain higher
performance. Since that No.3 specimen was sintered at 1200 °C for 300 min of soaking time, the highest achievement
should be gained. The best shrinkage specimen was recorded by No.11 specimen. The conditions prepared by
No.11 specimen supplied low energy to the atoms due to the sintering process (800 °C and 60 min). Hence, a minimum
densification process occurred during the sintering process. So, the dimension of the sintered specimen was minorly
changed. It caused minimum shrinkage. On the contrary, higher temperature presented higher shrinkage value because
of higher reactivity level achieved. Measured shrinkage values were recorded by the range of 1.3195 and 24.0777%.
Then, water absorption, apparent porosity, bulk density, and flexural strength values were recorded by the range of
0.3219-18.4287%, 0.7783-33.0767%, 1.7992-2.4187 g cm, and 0.5187-62.0375 MPa, respectively. Mostly, the lowest
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performance specimens are recorded by No.11 specimen, where water absorption, apparent porosity, and bulk density
are involved. Furthermore, No.11 specimen was also recorded as a low flexural strength specimen, but No.1 specimen
presented the lowest values. Previously, No.11 specimen was also reported as the best shrinkage specimen. Hence, the
best shrinkage specimens were opposite with the best specimen of other four performance properties.

Table-5: Measured performance properties

No. _Performance properties No. _Performance properties

SH WA AP BD FS SH WA AP BD FS

(%) (%) (%) (a/lcm3)  (MPa) (%) (%) (%) (a/cm3)  (MPa)
1 2590 15.437 28.037 1.828 0.519 10 22.266 9.019 17.861 2.000 61.478
2 15.823 6.052 13.460 2.227 28.644 11 1320 18429 33.077 1.800 0.995
3 17.882 0.322 0.778  2.419 62.038 12 14797 6.492 14.231 2.199 35.072
4 6.251 12179 23.702 1.946 0.674 13 2307 1744 4114 2345 3.307
5 3.791  13.757 26.050 1.896 4.420 14 17.616 0.981 2.030 2.264 48.420
6 16.513 0.625 1.469  2.352 45.152 15 8756 14545 27.053 1.867 1.641
7 2.053  13.747 25.070 1.834 1.952 16 24.078 0405 0911  2.247 42.416
8 9.595  0.914 1943  2.128 30.200 17 2969 12713 23.806 1.881 1.206
9 3.323 15177 27.972 1.851 1.294 18 4755 11.663 22.746 1.950 4578
Note: SH: Shrinkage; WA: Water absorption; AP: Apparent porosity; BD: Bulk density; & FS: Flexural strength

Table-6: Signal to noise ratio of performance properties

No. SNR of performance properties (dB) No. SNR of performance properties (dB)
SH WA AP BD FS SH WA AP BD FS

-8.266 -23.771  -28.955 5.238 -5.702 10 -26.953 -19.103 -25.038 6.020 35.774
-23.986 -15.638 -22.581 6.955 29.141 11  -2408  -25310 -30.390 5.102 -0.040
-25.049  9.845 2.177 7.672 35.853 12 -23.404 -16.248 -23.065 6.846 30.900
-15.918 -21.712 -27.496 5.783 -3.423 13 -7.259  -4.832 -12.285 7.401 10.388
-11.575 -22.770 -28.316 5.555 12.908 14 -24918 0.169 -6.151 7.098 33.700

-6.248 -22.764 -27.983 5.268 5.810 16  -27.632 7.853 0.809 7.034 32.551
-19.641  0.780 -5.768 6.558 29.600 17 -9.452  -22.085 -27.534 5.487 1.629
-10.429 -23.624 -28.934 5348 2.235 18 -13544 -21.336 -27.138 5.802 13.214

1
2
3
4
5
6 -24.357  4.082 -3.342 7.428 33.094 15 -18.846 -23.254 -28.644 5423 4.302
7
8
9
N

ote: SH: Shrinkage; WA: Water absorption; AP: Apparent porosity; BD: Bulk density; & FS: Flexural strength

Previously, No.3 specimen was prepared with following parameter condition: 5 wt.% of UGPOFA, pressed at 4 t,
sintered at 1200 °C, and 300 min of soaking times. Meanwhile, No.11 specimen was prepared with following
parameter condition: 5 wt.% of GPOFA, pressed at 3 t, sintered at 800 °C, and 60 min of soaking times. The parameter
conditions of 5 wt.% of UGPOFA, pressed at 2 t, sintered at 800 °C, and 60 min of soaking times were presented by
No.1 specimen. The opposite achievement between No.3 and No.11 specimens was caused by sintering temperature,
soaking time, and type of POFA because it was prepared adversely in terms of level values. Composition of POFA and
molding pressure parameters had minorly changed the achievement properties values.

However, the optimal parameters were not directly obtained from the best specimen of Taguchi Lis orthogonal
array layout. Response tables and main effect plots were reported to fulfill it, and these reports were automatically
given in Taguchi analysis in MINITAB 17 software. Table 7 records the response tables of performance properties.
Each property presents different order of significant level of parameters. The highest delta (based on means) values
indicated the most significant parameter. Sintering temperature was reported as the most significant parameter for all
investigated performance properties. Theoretically, sintering temperature is parallel with mullite phase formation. All
investigated performance properties are also highly depending on mullite phase formation, where its difference can
influence the responses. Meanwhile, the type of POFA presented as the least significant parameter. The orders of
significant level for the second, third, and fourth were differently reported, where only shrinkage, water absorption, and
apparent porosity presented similar orders. The second, third, and fourth significant level of shrinkage, water
absorption, and apparent porosity were soaking time, composition of POFA, and molding pressure, respectively. For
bulk density, the order of second, third, and fourth significant level were composition of POFA, soaking time, and
molding pressure, respectively. Meanwhile, for flexural strength, the order of second, third, and fourth significant level
were reported as composition of POFA, molding pressure, and soaking time, respectively.
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Table-7: Response tables of performance properties

Level _SNR Mean

A B C D E A B C D E
Shrinkage
1 -16.16 -18.34 -15.38 -10.89 -13.29 8.647 12446 9.924 4201 7.474
2 -17.16 -17.15 -15.33 -14.34 -21.57 10985 9.205 8519 7.254  13.216
3 -14.49 -19.27 -24.76 -15.12 7.795  11.004 17.991 8.756
Delta 0.99 3.85 3.94 13.87 8.28 2338 4651 2486  13.790 5.742
Rank 5 4 3 1 2 5 3 4 1 2
Water absorption
1 -12.841  -15.038 -14.055 -23.293 -14.822 8.690 9.292 8.755  14.747 10.147
2 -13.794  -11.386 -14.142 -17.265 -11.370 8.443 7.305 8.808 8.909 6.765
3 -13.529  -11.756  0.604 -13.762 9.103 8.137 2.044 8.789
Delta 0.953 3.651 2.387 23.897  3.452 0.247 1987 0.670 12.702 3.382
Rank 5 2 4 1 3 5 3 4 1 2
Apparent porosity
1 -19.022  -21.308 -20.158 -28.659  -20.660 16.498 17.907 16.616 27.274 18.738
2 -19.937 -17.706 -20.123 -23.561 -17.791 16.203 14.070 16.728 17.612 13.550
3 -19.425 -18.158 -6.219 -19.988 17.075 15.708 4.165  16.763
Delta 0.915 3.603 2.000 22440  2.869 0.295 3.838 1.020 23.109 5.188
Rank 5 2 4 1 3 5 3 4 1 2
Bulk density
1 6.201 6.305 6.124 5.397 5.989 2.053 2.079 2.033 1862 2.004
2 6.246 6.448 6.126 6.305 6.433 2061 2112 2032 2.075 2102
3 5.916 6.420 6.968 6.247 1982 2106 2.235  2.065
Delta  0.045 0.532 0.296 1.571 0.444 0.008 0.130 0.074 0.373  0.098
Rank 5 2 4 1 3 5 2 4 1 3
Flexural strength
1 155017 20.9875 12.5662 -0.1665 13.3460 19.432 31457 18.391 1.055  16.936
2 18.0464 15.1615 17.8231 17.0600 20.5115 22,124 17.269 18.981 12.995 23.108
3 14,1732 19.9328 33.4286 16.4647 13.608 24.962 48.284 22.290
Delta 25447 6.8143  7.3666  33.5951 7.1655 2691 17850 6.571  47.229 6.172
Rank 5 4 2 1 3 5 2 3 1 4

Note: A: Type of POFA; B: Composition of POFA; C: Molding pressure; D: Sintering temperature; E: Soaking time

Response table (based on SNR) values were used to develop main effect plots of all investigated performance
properties. Fig. 1 records the main effect plots of performance properties. It presents optimal parameter values for each
performance property. Firstly, Fig. 1(a) shows that optimal parameters of the best shrinkage value are recorded as
25 wt.% of UGPOFA, pressed at 4 t, sintered at 800 °C, and 60 min of soaking times. Theoretically, lower shrinkage is
achieved when lower sintering temperature is applied. Moreover, it is also achieved when lower soaking time is
applied. These two parameters influence the shrinkage values in terms of energy amount [43,45]. Lower sintering
temperature and soaking time would supply minimum amount of energy to the specimen’s particles. Furthermore, the
best shrinkage specimen is also reported by the 25 wt.% of POFA compositions, where it is related to a different of
melting point value between POFA and quartz. Previously, POFA was recorded as the lower melting point material
compared to quartz. Theoretically, a material with a lower melting point generate lower energy amount and it is
distinguished by higher shrinkage value.

Fig. 1(b) shows optimal parameters of the best water absorption, where its optimal parameter values were recorded
by a condition of 15 wt.% of UGPOFA, pressed at 4 t, sintered at 1200 °C, and 180 min of soaking times. It was
similarly recorded by the best apparent porosity as shown in Fig. 1(c). These two optimal specimens were sintered at
the highest sintering temperature, where it generated higher amount of energy to the specimens. The sintering
temperature is proportional with driving and external forces values. If higher sintering temperature is involved, higher
driving and external forces is confirmed. Fundamentally, sintering is the process of compacting and forming a solid
mass of material by heat or pressure without melting it to the point of liquefaction. Higher driving and external forces
will be supplying higher compacting and forming process of a solid mass of material. These actions reduce the voids
between particles of specimens, where the lower apparent porosity is reached [43,45]. Similar approach is reported by
water absorption theory, where the reduction of voids between particles lowers the water absorption values [43,45].
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Fig.-1: Main effect plot for signal to noise ratio of following performance properties: a) Shrinkage; b) Water

absorption; ¢) Apparent porosity; d) Bulk density; and e) Flexural strength.

Optimal water absorption and apparent porosity specimens were also recorded by 180 min of soaking times.
Particularly, the highest soaking time (300 min) values were expected to achieve the highest performances for these
two optimal specimens. It is because higher soaking time value is expected to give longer time for compacting and
forming process of a solid mass of material. However, middle values of determined soaking time values were reported
by MINITAB 17 software. The 15 wt.% of POFA composition was expected to neutralize the amount of energy during
sintering process where lower soaking time was covered by lower composition of POFA. Lower composition of POFA
reduced energy of sintering process by higher melting point material and was presented by a few amounts of quartz
material.

Optimal parameters of the best bulk density are given in Fig. 1(d), where it was recorded as 15 wt.% of GPOFA,
pressed at 4 t, sintered at 1200 °C, and 180 min of soaking times. Excluding the type of POFA, similar optimal
parameters were reported for the best bulk density specimen. Furthermore, the type of POFA has been assigned as the
least influential parameter for all optimal performance properties. GPOFA was presented by the best bulk density
specimen to improve compaction and forming process in sintering process because GPOFA was made by lower particle
size than UGPOFA. Theoretically, a smaller particle size powder would be more reactive [46-48].

Fig. 1(e) shows optimal parameters of the best flexural strength, where it was recorded by a condition of 5 wt.% of
GPOFA composition, pressed at 4 t, sintered at 1200 °C, and 180 min of soaking times. It was absolutely like optimal
bulk density specimen, but composition of POFA 5 wt.% was reported by optimal flexural strength specimen.

3.2 Development of Optimal Parameter for Multiple Objective Specimen

Particularly, each performance property namely shrinkage, water absorption, apparent porosity, bulk density, and
flexural strength were recorded by different optimal parameters values. In real life, triaxial ceramic process must be
performed at the equivalent level of design and process parameters to get optimization on all responses. The Taguchi
GRA is used to perform multiple objectives optimizations. Initially, grey relational generation values are calculated by
Eg. (3) and (4), and it was recorded in Table 8. It must be equivalent to SNR values of Table 6.

The GRCs were calculated from Eq. (5), where distinguish effect were assigned as 0.2 for each performance
property. Meanwhile, GRG was then calculated from Eq. (6), where Table 9 presents calculated GRC and GRG values.
It was included by SNR of GRG values and grey order. From the measured performance properties values until GRC
values, the order of the best specimen for each performance property was similar. Particularly, these measured and
calculated values were synchronized with each other, where something wrong was expected when some part of these
values were not fully synchronized. Furthermore, it must be influencing the GRG values if those values were not
synchronized. The best specimen by considering these five performance properties were reported by No.3 specimen,
where it was also recorded by single objective optimization which was performance properties other than shrinkage.
No.11 specimen was previously recorded as the best shrinkage specimen, but it was ranked as 8" grey order for
multiple objectives optimization.
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Table-8: Grey relational generation values

No. Performance properties No. Performance properties
SH WA AP BD FS SH WA AP BD ES

1 0.94 0.17 0.16 0.05 0.00 10 0.08 0.52 0.47 0.32 0.99
2 0.36 0.68 0.61 0.69 0.46 11 1.00 0.00 0.00 0.00 0.01
3 0.27 1.00 1.00 1.00 1.00 12 0.41 0.66 0.58 0.65 0.56
4 0.78 0.35 0.29 0.24 0.00 13 0.96 0.92 0.90 0.88 0.05
5 0.89 0.26 0.22 0.16 0.06 14 0.28 0.96 0.96 0.75 0.78
6 0.33 0.98 0.98 0.89 0.73 15 0.67 0.21 0.19 0.11 0.02
7 0.97 0.26 0.25 0.06 0.02 16 0.00 1.00 1.00 0.72 0.68
8 0.64 0.97 0.96 0.53 0.48 17 0.93 0.32 0.29 0.13 0.01
9 0.91 0.18 0.16 0.08 0.01 18 0.85 0.37 0.32 0.24 0.07
Note: SH: Shrinkage; WA: Water absorption; AP: Apparent porosity; BD: Bulk density; & FS: Flexural strength

Table-9: Grey relational coefficient and grey relational grade

Exp. GRC GRG SNR of Grey
SHO2 WAD2 APO:2 BDO2 FSo2 GRG Order
1 0.78 0.19 0.19 0.17 0.17 0.30 -10.42 13
2 0.24 0.39 0.34 0.39 0.27 0.33 -9.76 10
3 0.22 1.00 1.00 1.00 1.00 0.84 -1.48 1
4 0.48 0.23 0.22 0.21 0.17 0.26 -11.64 17
5 0.65 0.21 0.20 0.19 0.18 0.29 -10.86 14
6 0.23 0.92 0.90 0.65 0.42 0.63 -4.08 2
7 0.86 0.21 0.21 0.17 0.17 0.33 -9.74 9
8 0.35 0.86 0.85 0.30 0.28 0.53 -5.55 6
9 0.69 0.20 0.19 0.18 0.17 0.29 -10.87 15
10 0.18 0.29 0.27 0.23 0.96 0.39 -8.26 7
11 1.00 0.17 0.17 0.17 0.17 0.33 -9.54 8
12 0.25 0.37 0.32 0.36 0.31 0.32 -9.78 11
13 0.82 0.72 0.66 0.63 0.17 0.60 -4.44 3
14 0.22 0.85 0.84 0.44 0.47 0.56 -4.97 5
15 0.38 0.20 0.20 0.18 0.17 0.23 -12.90 18
16 0.17 0.98 0.98 0.42 0.39 0.59 -4.64 4
17 0.73 0.23 0.22 0.19 0.17 0.31 -10.26 12
18 0.57 0.24 0.23 0.21 0.18 0.28 -10.91 16

Note: ®“2Weightage for each response is 0.2; SH: Shrinkage; WA: Water absorption; AP: Apparent porosity; BD: Bulk
density; & FS: Flexural strength

Once the single performance property function was presented which were GRG values, the analysis was
approaching traditional Taguchi design analysis, where it can be described by MINITAB 17 software. Response tables
of grey relational grade is presented in Table 10, where it was highly influenced by sintering temperature parameter and
it was followed by parameters of soaking time, composition of POFA, molding pressure, and type of POFA. These
flows of significant level were previously recorded by single objective optimization of water absorption and apparent
porosity. Meanwhile, Fig. 2 reports the main effect plot for SNR of GRG, where optimal parameters were as follows:
15 wt.% of UGPOFA, pressed at 2 t, sintered at 1200 °C, and 300 min of soaking times.

Table-10: Response tables of grey relational grade

Level Design parameters (GRG) Design parameters (SNR of GRG)

A B C D E A B C D E
1 0.42 0.42 0.41 0.29 0.41 -8.27 -8.21 -8.19 -10.94 -8.28
2 0.40 0.43 0.39 0.36 0.38 -8.41 -8.15 -8.49 -9.25 -9.05
3 - 0.39 0.43 0.59 0.45 -8.66 -8.34 -4.83 -7.70
Delta 0.02 0.04 0.04 0.30 0.08 0.14 0.51 0.30 6.11 1.35
Rank 5 3 4 1 2 5 3 4 1 2

Note: GRG: Grey relational grade; SNR: Signal to noise ratio; A: Type of POFA; B: POFA composition; C: Molding
pressure; D: Sintering temperature; E: Soaking time
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3.3 Confirmation Experiment
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Fig.-2: Main effect plot for SNR of GRG.

The confirmation experiment is the final part of parametric design in the Taguchi design. It is performed to
validate the developed optimal parameters, where difference of predicted and experimental values is reported. Table 11
records the result of confirmation experiment, where specimen for GRG was also included. SH, WA, AP, BD, and FS
presents as optimal condition (single objective) for the best shrinkage, water absorption, apparent porosity, bulk
density, and flexural strength, respectively. Meanwhile, GRG refers to a condition of multiple objective where it was
termed as GRG. Experimental results from initial condition were described by a condition of No.1 specimen, where it
presented the lowest value from each parameter. It was compared with experimental result of optimal condition. The
results showed that optimal condition specimen have higher performance property values compared to initial condition.

Table-11: Result of confirmation experiment

Specimen  Performance properties Initial condition Optimum condition
Experimental Predicted _ Experimental _ Difference
SH Shrinkage (%) 2.59 1.21 1.48 0.27
WA Water absorption (%) 15.44 2.03 1.76 0.27
AP Apparent porosity (%) 28.04 4.49 4.01 0.48
BD) Bulk density (g/cm?) 1.83 2.28 2.37 0.09
FS Flexural strength (MPa) 0.52 57.95 53.29 4.66
GRG GRG 0.30 0.68 - -
Shrinkage (%) 2.59 NA 11.74 -
Water absorption (%) 15.44 NA 2.47 -
Apparent porosity (%) 28.04 NA 5.57 -
Bulk density (g/cm?) 1.83 NA 2.26 -
Flexural strength (MPa) 0.52 NA 43.39 -

Note: NA- Not Applicable (Note: The prediction only for the GRG)

Q: Quartz; M: Mullite; & A: Albite
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Fig.-3: XRD patterns of optimal specimens

The minor difference between predicted and experimental values was presented, where GRG specimen could not
be recorded. Hence, it validated the optimal parameters developed. To enhance the developed optimal parameters,
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optimal specimens were also validated by crystalline phase and morphology analyses. Fig. 3 records the results of
crystalline phase analysis through XRD patterns. Generally, XRD pattern for SH specimen in Fig. 3(a) was observed to
be different from other optimal specimens, where albite (00-009-0466) peaks were presented at 26~28°. However, it
was prepared under a condition of 25 wt.% of UGPOFA, pressed at 3 t, sintered at 800 °C, and 60 min of soaking
times. Previously, sintering temperature has assigned as the highest influence parameters, where 800 °C for optimal
sintering temperature is the main reason for existing phases.

Other optimal specimens were presented by mullite phase (01-074-4146) peaks, where its developed sintering
temperature was 1200 °C. The XRD results were minorly influenced by other parameters. For example, if SH specimen
is ignored, XRD patterns for remaining optimal specimens would be similar although different optimal parameters are
assigned. These crystalline phases were highly supported by morphology analysis, shown in Fig. 4. It had highly
supported the crystalline phase that existed such as albite phase for SH specimen and mullite phase for remaining
specimens.

Primary:
mullite

albite

/ Sec;ndary 17
o - mullite © =~

primary mullite

d) FS e) GRG

Fig. 4: Morphology analysis of optimal specimens

However, morphology analysis is enhanced by the formation of several types of mullite, where there is primary
and secondary mullite. Theoretically, primary mullite is a form of decomposition of plastic material. Meanwhile,
secondary mullite is a form from a reaction of flux agent and plastic material. However, secondary mullite can also be
formed from a reaction of plastic material, flux agent, and filler material [49].Optimal specimens are mostly presented
by UGPOFA except for BD and FS specimens. Because of the lowest influence parameters, there was no difference
reported between optimal specimens. Meanwhile, 15 wt.% composition of POFA was most often recorded, where it
was not recorded by SH and FS specimens. Previously, parameter for composition of POFA had ranked as the second
or third influence parameters, where it might be causing few differences in its morphology analysis. The SH specimen
was confirmed to generate different morphology analysis than other optimal specimens; however, no difference was
observed for FS specimen unless in terms of mullite phase pattern. It means that FS specimen approach similar
morphology analysis with WA, AP, and BD specimens. Region of primary and secondary mullite were clearly
observed in FS specimen, where other optimal specimens were randomly presented. It means morphology images of
WA, AP, and BD specimens are parallel with obtained property values. Moreover, it is also supported by its optimal
parameter conditions.

4. Conclusion

This paper focuses on the chronological of Taguchi GRA method in application of triaxial ceramic by applying
POFA. Investigated performance properties were shrinkage, water absorption, apparent porosity, bulk density, and
flexural strength. Hence, six optimal specimens were recorded, where one set of optimal parameters was optimized in
terms of multiple objectives. Sintering temperature was recorded as the highest influence parameters to all six
objectives; while type of POFA was the least influence parameter.

The TGRA suggested the highest performances were obtained at this condition: 15 wt.% of UGPOFA, pressed at
2 t, sintered at 1200 °C, and 300 min of soaking times. Meanwhile, its performance properties were presented by
11.74% of shrinkage, 2.47% of water absorption, 5.57% of apparent porosity, 2.26 g/cm?® of bulk density, and
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43.39 MPa of flexural strength. The present study reported that both traditional Taguchi and Taguchi GRA were useful
tools to optimize the process of triaxial POFA ceramic applying any waste materials.
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