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Abstract. This study aimed to optimize the selection of manufacturing solutions for flame retardant
nanocomposite materials based on polyvinyl chloride (PVC). A total of eight different options were considered.
The first option utilized PVC as the base material, and the subsequent options were carried out by adding
specific amounts of reinforcing agents, including aluminum hydroxide (ATH) and zinc borate (ZB). The seven
following options were denoted by their respective symbols: SATH/PVC, 10ATH/PVC, 15ATH/PVC, 5ZB/
PVC, 10ZB/PVC, 15ZB/PVC, and 5ATH/5ZB/PVC. The number preceding the symbol of the reinforcing
agent represents the percentage of the reinforcing agent added to the PVC material. For example, 5SATH/PVC
signifies the addition of 5% of ATH reinforcing agent to the PVC material. To evaluate each option, five different
indices were employed. The weight for each index was determined using four different methods, including the
Equal method, Entropy method, MEREC method, and LOPCOW method. The RAM method was used to select
the best option. The combination of the RAM method and the four weight determination methods generated
four different datasets of option rankings. In all four of these datasets, the best and worst options consistently
matched. The results indicated that the 15ATH/PVC option was deemed the best, while the pure PVC option
was the worst.
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electronic wires, and its flame-resistant properties guaran-
tee the safety of electronic devices [5]. In the automotive
sector, PVC is used for interior lining and car insulation,

1 Introduction

In the context of modern material research, the study of

metamaterials has played a crucial role in developing and
enhancing the physical properties of fundamental materi-
als. Metamaterials are structures designed to exhibit
specific physical properties that are often not naturally
present [1]. Research on metamaterials focuses on
optimizing properties such as elasticity, conductivity,
sound insulation, and thermal conductivity, among many
other attributes, opening up diverse applications across
various fields [2]. Polyvinyl chloride (PVC) is a type of
metamaterial that plays a significant role in numerous
industries due to its distinctive properties. With its high
chlorine content, PVC exhibits excellent flame resistance.
In the construction industry, PVC is widely used in the
production of water pipes, gas conduits, and insulation
materials. Its flame resistance capability helps reduce the
risk of fire propagation [3]. In medical applications, PVC is
used for blood conduits and other medical products,
ensuring safety during use [4]. In the electronics industry,
PVC serves as an insulating material for cables and
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providing fire protection in case of accidents [6], and so on.
However, to enhance its processability, plasticizers are
often added, which may diminish PVC’s flame resistance.
On the other hand, the addition of plasticizers can limit its
thermal stability and resistance to oxidation [7]. To
overcome these limitations, the method of creating nano-
composite materials has been employed. Nanocomposites
consist of a PVC matrix and nano-sized inorganic flame-
retardant materials. This material combines the advan-
tages of organic polymers and inorganic materials [8]. Two
common inorganic flame retardants used for supplementa-
tion in PVC are aluminum hydroxide (ATH) and zinc
borate (ZB). These are cost-effective, non-toxic, and have
good compatibility with polymer matrices. Recent research
on flame-retardant PVC materials has shown that the
presence of ATH or ZB during combustion restricts the
generation of corrosive, harmful gases, reduces smoke
emissions, and enhances flame resistance [9,10]. When
using flame-retardant PVC materials, various parameters
need to be considered, such as heat resistance, flame
resistance, ignition time, heat transfer ability, waterproof-
ing, corrosion resistance, sound insulation, tensile strength,
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elongation at break, elastic modulus, and limiting oxygen
index to maintain flame [11]. However, different propor-
tions of ATH and ZB can alter the mechanical properties of
the compound [12-14]. Numerous studies have indicated that
varying the content of ATH or ZB affects the compound’s
properties [15-18]. For aspecific content of ATH (and /or ZB),
the properties of the compound are not the same, and in some
cases, they may even be contradictory [19-23]. This suggests
the need to determine the content of ATH (and/or ZB) added
to PVC material to achieve the desired values. Multiple
Criteria Decision Making (MCDM) is a well-known
technique for solving problems with conflicting criteria
(parameters) [24-27]. The use of MCDM techniques allows
for the determination of the best solution among available
options. Over 200 different methods can be applied in
MCDM |28]. The RAM method is the latest MCDM method
[29]. RAM has the advantage of compensating for the trade-
off between favorable and unfavorable criteria. It also
overcomes the phenomenon of rank reversal [29]. It is
important to emphasize that rank reversal is a phenomenon
where the ranking of options changes when the weights of
criteria are altered or when the method of normalizing data is
modified. For instance, when adjusting the method of
determining weights for criteria or changing the method of
data normalization, an option initially identified as the best
may cease to be the optimal choice; in some cases, it might
even become the least favorable alternative. This is a
complex phenomenon in the multi-criteria decision-making
process. However, since it emerged in September 2023, the
advantages of RAM method have not been explored in any
existing literature. Thisis the reason it is being applied in this
study. The procedural summary of applying the RAM
method will be presented in the second part of this paper.
When using RAM specifically, as well as MCDM methods in
general, the rankings of the alternatives can change as the
weights of the criteria change. For this reason, four different
methods have been employed to calculate the criteria
weights. The objective of this endeavor is to provide a solid
conclusion on the absolute best solution for manufacturing
flame retardant materials. A summary of the utilization of
criteria weight determination methods is outlined in
Section 3. In Section 4 of this article, the selection of the
optimal solution for manufacturing flame retardant materi-
als will be elaborated upon using the employed methods
(RAM method and criteria weight determination methods).
The final part of this research comprises the achieved results
and the future work to be carried out.

2 The RAM method

The steps for using the RAM method to rank alternatives
are as follows [29].

Step 1: Construct a decision matrix with m rows and n
columns, where m and n correspond to the number of
alternatives to be ranked and the number of criteria for
each alternative, respectively. Let z;; represent the value of
criterion j for alternative 4, where j=1 -+ nandi=1+ m.
The letters B and C are used to denote the respective
criteria for benefit and cost.

Step 2: Normalize the data using formula (1).
Tij
m

Zi:l Tij

Step 3: Calculate the normalized values, considering the
weights of the criteria, according to (2).

(1)

Tij =

(2)

Yij = Wy Tij

where wj is the weight of the jth criterion.
Step 4: Calculate the total normalized score, taking into
account the criteria weights using (3) and (4).

Syi=Y y.;ifjEB

j=1

3)

S_i= nyij if jeC (4)
=1

Step 5. Calculate the score for each alternative
according to (5).

RI; =*%i\/24+ 5, (5)

Step 6: Rank the alternatives in descending order based
on their scores.

3 Criteria weight determination methods

Four criteria weight determination methods have been
employed, including the Equal method, the Entropy
method, the MEREC method, and the LOPCOW
method. The Equal method is the simplest [30], while
Entropy and MEREC are two recommended methods
[31], and LOPCOW is considered the most recent
approach [32].

When using the Equal weight method, all criteria have
equal values [30].

To calculate criteria weights using the Entropy
method, you need to apply the formulas sequentially from
(6) to (8) [31].

g = ——n

m+ Zyi
=1

m m

i=1 i=1
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Table 1. Some types of fire-resistant nanocomposite materials [33].

Material Tensile strength  Elongation Elastic modulus Total burning Limiting oxygen index
(MPa) at break (%) (MPa) time (s) to sustain combustion (%)
C1 C2 C3 C4 Ch
PVC 25.7 289.5 30.1 7.5 25.5
5ATH/PVC 24.8 260.6 32.7 3.5 28.1
10ATH/PVC 22.5 205.1 33.1 1.9 30
15ATH/PVC 23.5 274.1 33.6 0.5 32
5ZB/PVC 21.4 257.3 32 3.8 27.8
10ZB/PVC 21.4 257.3 32.3 2.1 29.8
15ZB/PVC 19.2 240 33 0.7 31.7
5ATH/5ZB/PVC 24.2 271 33.3 1.7 30.3
— e maxy,: — Y,
wj = ml € (8) rij = Ry T Yy ?J” if jeC (16)
maxy” — mlnyl]
> (-
j=1
Applying the formulas sequentially from (9) to (14) to Z T ?j
calculate criteria weights using the MERFEC method [31]. PV, = i=1 100 (16)
o
miny, .
Tij = y—yl] lf]EB, (9)
i PV,
wj=——— (17)
maxy; ; J=1
S —Tn|1+ li ()| (11) 4 Selecting the optimal solution for flame
(. 1, 9 . . . .
n< ! retardant nanocomposite material fabrication
L o The selection of the best solution for manufacturing flame
S —1Inl1 - In(r;; 19) retardant materials is based on the results of a previous
K mbE (n kkzﬁ [Inr:y) |>] ’ (12) experimental study [33]. Seven solutions for manufacturing
T flame retardant materials by adding reinforcing agents
have been implemented. Varying the percentage or type of
B zm: S — S| (13) reinforcing agent added to the original PVC material has
3T L i il created different solutions. To illustrate this, for instance,
! material “SATH/PVC” means that 5% ATH was added to
PVC. Another example is “10ZB/PVC,” which signifies the
we — 2 (14) addition of 10% ZB to the PVC material. Table 1 displays
;=

To calculate criteria weights using the LOPCOW
method, you need to apply the formulas sequentially from
(15) to (17) [32]. In (16), o represents the standard
deviation.

= Yy —ming;; if je B (15)
maxy,; — miny;;

rij

information on eight types of flame retardant materials,
with the first type being the original PVC material and the
other seven being PVC materials with added reinforcing
agents.

The pricing for each solution is determined using five
parameters, which include tensile strength (C1), elonga-
tion at break (C2), elastic modulus (C3), total burning time
(C4), and the limiting oxygen index to sustain combustion
(C5). The physical properties (C1, C2, and C3) were
measured according to ASTM D638 standards. Larger
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Table 2. Weights of the criteria.

Weight method C1 C2 C3 C4 C5h
Equal 0.2000 0.2000 0.2000 0.2000 0.2000
Entropy 0.1965 0.1703 0.1893 0.2528 0.1912
MEREC 0.0879 0.1127 0.0365 0.6969 0.0660
LOPCOW 0.1591 0.4977 0.0448 0.1451 0.1533
% 227.65 441.44 547.90 480.24 303.18
Table 3. Normalized values in the RAM method.

Material C1 C2 C3 C4 Ch
PVC 0.1407 0.1409 0.1157 0.3456 0.1084
5ATH/PVC 0.1357 0.1268 0.1257 0.1613 0.1195
10ATH/PVC 0.1232 0.0998 0.1273 0.0876 0.1276
15ATH/PVC 0.1286 0.1334 0.1292 0.0230 0.1361
5ZB/PVC 0.1171 0.1252 0.1230 0.1751 0.1182
10ZB/PVC 0.1171 0.1252 0.1242 0.0968 0.1267
15ZB/PVC 0.1051 0.1168 0.1269 0.0323 0.1348
5ATH/5ZB/PVC 0.1325 0.1319 0.1280 0.0783 0.1288
Table 4. Normalized values considering criteria weights.

Material C1 C2 C3 C4 Ch
PVC 0.0281 0.0282 0.0231 0.0691 0.0217
5ATH/PVC 0.0271 0.0254 0.0251 0.0323 0.0239
10ATH/PVC 0.0246 0.0200 0.0255 0.0175 0.0255
15ATH/PVC 0.0257 0.0267 0.0258 0.0046 0.0272
5ZB/PVC 0.0234 0.0250 0.0246 0.0350 0.0236
10ZB/PVC 0.0234 0.0250 0.0248 0.0194 0.0253
15ZB/PVC 0.0210 0.0234 0.0254 0.0065 0.0270
5ATH/5ZB/PVC 0.0265 0.0264 0.0256 0.0157 0.0258

values of all three parameters are considered better (Type
B criteria). Fire resistance (C4) was assessed according to
ASTM D 3801 standards, and smaller values are preferable
(Type C criteria). The limiting oxygen index (C5) is the
minimum volume percentage of oxygen required to sustain
the combustion of the material. This parameter is
determined according to ASTM D 2863-97 standards,
and larger values are better, indicating Type B criteria. All
values of these parameters for various types of nano-
composite fire-resistant materials have been summarized in
Table 1 [33].

Observing Table 1, we can see that the PVC base
material has the highest values for both C1 and C2 among
the eight options. In contrast, C3 and C5 have the highest
values for the 15ATH/PVC material, and C4 has the
smallest value, also belonging to this material type. This
implies that there is no single material where all five
parameters are the best. Determining a material choice
requires considering the trade-off between all these

parameters. This is an act of multi-criteria decision making
(MCDM). To perform MCDM actions, the first step is to
determine the weights for the five criteria (C1 to C5).

Formulas in Section 3 have been applied to calculate the
weights for the criteria using four different methods, and
the results have been consolidated in Table 2. We can
observe that when using different methods, the weights of
the criteria change significantly. The last row of this table
demonstrates the percentage change in the weights of each
criterion between the minimum and maximum values.

The application of the RAM method to determine the
best solution is carried out in the following sequence.
Normalized values have been calculated as per (1) and are
summarized in Table 3.

The normalized values, taking into account the weights
of the criteria, have been calculated as per (2). First, the
set of criteria weights was computed using the Equal
method. The computed results have been consolidated
in Table 4.
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Table 5. Some parameters in RAM and the ranking of options.

Material S S RI Rank
PVC 0.1011 0.0691 1.4317 8
5ATH/PVC 0.1016 0.0323 1.4412 6
10ATH/PVC 0.0956 0.0175 1.4430 5
15ATH/PVC 0.1055 0.0046 1.4498 1
5ZB/PVC 0.0967 0.0350 1.4388 7
10ZB/PVC 0.0986 0.0194 1.4435 4
15ZB/PVC 0.0967 0.0065 1.4463 3
5ATH/5ZB/PVC 0.1042 0.0157 1.4464 2

9
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Fig 1. Ranking of options.

The quantities S, S_; , R]; have been calculated using
the respective formulas (3)—(5). The results after calcula-
tion have been consolidated in Table 5. This table also lists
the rankings of the options based on the values of RI.

Thus, the ranking of options when the criteria weights
are calculated using the Equal method has concluded. The
ranking of options when the criteria weights are calculated
using the remaining three methods (entropy, MEREC,
LOPCOW) has also been conducted similarly. In Figure 1,
the chart illustrates the rankings of various options when
the weights of the criteria are determined using different
methods.

According to the data in Figure 1, in all four different
scenarios (corresponding to four different methods for
determining weights), the 15ATH/PVC material consis-
tently emerges as the best material, while PVC is
consistently identified as the worst material. It's worth
noting that the weights of the criteria vary significantly
when calculated using different methods (refer to the last
row of Tab. 2). However, this factor does not alter the
determination of the best solution. This provides strong
evidence that 15ATH/PVC is the best material among
the eight surveyed. In other words, adding 15% ATH to
the base PVC is the best solution for producing fire-
resistant materials. Looking back at Table 1, we observe
that the tensile strength (C1) and elongation at break
(C2) of 15ATH/PVC are both inferior to the base PVC
material. However, the reduction in these parameters for

15ATH/PVC compared to the base PVC is negligible, at
8.56% for C1 and 5.32% for C2. In contrast, two modulus
parameters, elastic modulus (C3) and the limiting
oxygen index for flame maintenance (C5) of 15ATH/
PVC, are better than those of the base PVC. C3 of
15ATH/PVC has increased by 11.63% compared to the
base PVC, while C5 of 15ATH/PVC has increased by
25.49% compared to the base PVC. Particularly
noteworthy is the flame resistance (C4) of 15ATH/
PVC, which at 0.5 (s), is only 1/15th of that of the base
PVC. This indicates that 15ATH/PVC excels in quality
compared to the base PVC.

To conclude the process of using MCDM methods to
rank the options, sensitivity analysis should be performed
[34, 35]. The Spearman rank correlation coefficient has also
been utilized for sensitivity analysis [34, 35], and it is
calculated using formula (18). In this formula,
D; represents the rank differences of options in a specific
scenario compared to another scenario.

62m: D?
i=1

SZl_m(mQ—l)

(18)

Table 6 summarizes the Spearman rank correlation
coefficient values when comparing scenarios with each
other.
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Table 6. Spearman rank correlation coefficients.

Equal weight

Entropy weight

MEREC weight LOPCOW weight

Equal weight 1 0.9762
Entropy weight 1
MEREC weight

LOPCOW weight

0.9524 0.9286

0.9762 0.9048

1 0.8333
1

The smallest value of the Spearman rank correlation
coefficient in Table 6 is 0.8333, indicating that the rankings
of options change very little in different situations [36]. It’s
also essential to emphasize that when using different
methods to determine the weights for the criteria, the
weight values of the criteria vary significantly (refer to the
last row of Tab. 2). This further clarifies the advantage of
minimizing the phenomenon of rank reversal as proposed
by the RAM method [31].

With all the results obtained from the analyses above,
it's evident that when using the RAM method to rank
options, the best approach is not dependent on the weights
of the criteria. Adding 15% of the ATH reinforcement
material to PVC is the optimal solution for manufacturing
fire-resistant materials.

5. Conclusion

The addition of ATH and ZB reinforcement materials to
the base PVC enhances the fire resistance of the
compounds. The optimization of the optimal solution
regarding the type and amount of reinforcement material
has been performed in this study. RAM and four methods
for determining criteria weights were concurrently
employed to achieve this objective. This research demon-
strates that the use of RAM in combination with four
different methods for determining weights has led to a
stable result, with the same material option being
consistently considered the best. Specifically, in all
scenarios, the option containing 15% aluminum hydroxide
reinforcement material (15ATH/PVC) was rated the
highest. This showcases the consistency and stability of
the RAM method in selecting the optimal solution in this
case. This result also confirms the advantages of the RAM
method as proposed, highlighting its capability to balance
between favorable and unfavorable criteria and mitigate
the occurrence of rank reversal.

In the future, several tasks need to be addressed,
including: the selection of nanocomposite materials
considering even more criteria; optimizing the production
process of 15ATH/PVC nanocomposite materials to ensure
the best performance and cost efficiency; conducting tests
to ensure the stability and safety of 15ATH/PVC materials
in fire-resistant environments and other practical applica-
tions; further exploration of different reinforcement
materials to enhance the quality and fire resistance of
PV(C-based nanocomposite materials.
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