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Abstract: This study examines the preparation of several composites that are based on natural
magnesium hydroxide (n-MDH) and various poly(ethylene-co-octene) polyolefin elastomers (POEs).
Design of experiment (DoE) principles have been applied in order to optimize the mechanical,
rheological, and flame-retardant properties of the final composites. DoE allows one to evaluate
the influence of each variable on an experiment’s final properties. By increasing the density and
crystallinity of the POE, a higher elastic modulus was obtained, which resulted in greater tensile
strength and lower elongation at break. Improved flame retardant properties (as measured by the
limiting oxygen index (LOI) and vertical burning tests) were obtained by increasing the amount of
filler within the composite up to 65% and using a polymer with high crystallinity. More specifically,
the best balance between mechanical, rheological, and flame retardant properties was provided by
DoE using 63.75% n-MDH filler. The agreement between the predicted performance and the final
properties of the composites has enabled the innovative use of DoE to provide reliable predictions
about the final mechanical and flame retardant properties of the compounds that are used for low
voltage electrical cable applications.

Keywords: halogen-free flame-retardant (HFFR) compounds; natural magnesium hydroxide
(n-MDH); brucite; design of experiment (DoE); poly(ethylene-co-octene); polyolefin elastomers
(POEs); mechanical properties; flame retardant properties; EN 50399; construction production regula-
tion (CPR)

1. Introduction

In recent years, the use of halogen-free flame retardant (HFFR) compounds has at-
tracted significant and increasing interest since they do not produce heavy smokes during
combustion, thus reducing their toxicity and corrosion issues. In cable applications, HFFR
polymer compounds are mainly based on ethylene-vinyl acetate (EVA) copolymers [1]
and ethylene-octene or ethylene-butene copolymers, which are produced by metallocene
catalysis, named ULDPE or more generally POE [2]. Both of these polymeric families
are highly flexible, having low crystallinity, a melting point between 60 ◦C and 100 ◦C,
and a broad array of molecular weights [3]. POEs are used in various industries, such as
transport, building, textiles, electronics, and wires and cables [4].

POEs are compatible with most olefinic materials and are available in a wide range of
grades to meet the most demanding processing and performance needs [5,6]. Notably, the
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low crystallinity and long chain branching content of certain POEs endow the polymers
with the ability to withstand a large percentage of filler (as much as over 70% by weight),
which is mandatory in order to achieve highly flame-retardant properties. Many strategies
have been applied in order to improve polyolefin flame-retardancy by introducing specific
additives that could intervene in the combustion mechanism, thus reducing both the fire
risks and the fire hazards.

The most important commercial flame-retardants are metal hydroxides due to their
combination of low cost, low smoke, and flame-retardancy. Inorganic hydroxide fillers
have replaced the halogen-based fire retardants (FR) in many applications; the main FR
agents that are used in polyolefin compounds for cables are aluminum hydroxide (ATH)
and magnesium hydroxide (MDH) [7,8]. Notably, metal hydroxides (e.g., Al(OH)3 and
Mg(OH)2) have many advantages, including their being halogen-free, environmentally
friendly, and containing no corrosive or toxic decomposition products which prevents the
emission of toxic fumes and their adverse general effects [9]. During the endothermal
decomposition that is caused by the burning reaction, the metal hydroxides release water
in the gas phase, thus diluting the oxygen in the flame area and cooling down the pyrolysis
zone. They also form protective metal oxide layers on the polymer’s burning surface after
the water-release, which decreases the heat feedback of the pyrolyzing polymer. However,
the well-documented drawback of metal hydroxides is the high loading levels that are
required for adequate flame-retardancy (up to 65–70% in weight), which often leads to
processing difficulties and deterioration of the compound’s mechanical properties. Among
metal hydroxides, magnesium hydroxide (MDH) shows a wider variety of applications,
resulting in it being more versatile as a filler for linear low-density polyethylene and isotac-
tic polypropylene matrices that need processing temperatures higher than 200 ◦C [10,11].
MDH is a crystalline powder that is obtained by a chemical process (in the case of synthetic
MDH), by precipitation from seawater (in the case of seawater MDH), or by grinding
naturally occurring brucite (in the case of natural MDH). Compared to ATH, all of the types
of MDH offer several advantages, including higher decomposition temperature, reduced
smoke levels, and reduced acidity of the smoke. Most of these traits come from the high
surface and high basic reactivity MgO that is generated by the thermal decomposition of
Mg(OH)2. Synthetic magnesium hydroxide is the most expensive mineral flame-retardant
filler. It is available with different granulometry (d50 = 0.7–3.5 µm) and with a surface area
of between 3–12 m2/g. It is used in very high-demand applications and in all polyolefins
where the production can reach a very high temperature, such as 250 ◦C [12]. Natural
magnesium hydroxide has been also used by researchers as a flame-retardant filler in
polymeric materials with very promising results [13].

The present research aims to identify a final filler–polymer formulation by using a
statistical approach to produce flame-retardant electrical cables with the best compromise
between mechanical, rheological and flame-retardant properties. The relationships be-
tween the molecular characteristics of the raw materials and the final properties of the
formulations were investigated with a focus on the effects that were provided by the poly-
mer’s characteristics, such as the molecular weight, density and comonomer content. Five
polymers were selected from among the commercially available poly(ethylene-co-octene)
(POE) material that is supplied by Dow Chemical under the trade name ENGAGETM and
characterized by different 1-octene comonomer contents, densities, and melt flow indexes
(MFIs). Uncoated micronized brucite, a natural magnesium hydroxide (n-MDH), which
was supplied by Europiren B.V, was selected for its excellent performance and for its natural
origin. Moreover, MDH is non-toxic, environmentally friendly, and widely available [14].

2. Materials and Methods
2.1. Materials

The poly(ethylene-co-octene) polymers were supplied by Dow Chemical (Dow Eu-
rope GmbH, Horgen, Switzerland): ENGAGETM 8003 (d = 0.885 g/cm3 MFI 1 g/10 min
2.16kg @ 190 ◦C), ENGAGETM 8450 (d = 0.902 g/cm3 MFI 3 g/10 min 2.16kg@ 190 ◦C),
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ENGAGETM 8100 (d = 0.870 g/cm3, MFI 1 g/10 min 2.16kg @ 190 ◦C), ENGAGETM 8200
(d = 0.870 g/cm3, MFI 5 g/10 min 2.16 kg @ 190 ◦C), and ENGAGETM 8480 (d = 0.902 g/ cm3,
MFI 1 g/10 min 2.16 kg @ 190 ◦C).

Micronized brucite Ecopiren 3.5 (hereinafter referred to as natural MDH or n-MDH)
was supplied by Europiren (Rotterdam Science Tower, the Netherlands) at 92% purity, d50
(average particle size) = 3.5–4 µm, and a surface area of 11 m2/g.

The maleic anhydride modified ethylene copolymer (grafting degree 0.7–1.1 wt.%) [15]
that was used as a maleated compatibilizer, FUSABOND N525TM (d = 0.880 g/cm3 MFI
3.7 g/10 min 2.16kg @ 190 ◦C), was supplied by Dow Chemical (Dow Europe GmbH,
Horgen, Switzerland).

2.2. Preparation of Composite

To begin, 300 g of compound containing the 3 wt.% of the maleated compatibilizer
and the required amount of n-MDH and POE were prepared in a twin-roll mixer at 140 ◦C
for 10 min and then removed in the form of a sheet of around 1.4 mm thickness (Figure 1).
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Figure 1. Schematization of twin-roll mixer and preparation of composite.

Formulations that are frequently used in the cable industry were selected and investi-
gated (Table 1) by varying the molecular characteristics of their polymer matrices (ethylene
α-olefin copolymer) and their amounts of mineral filler.

Table 1. Basic formulation of the composites.

Ingredients wt.% Role

Ethylene α-olefin copolymer 31.8–39.8 Main polymer
Mineral filler 60–65 Flame retardant
POE–g–MAH 0–5 Coupling agent

Stabilizer 0.2 Hindering phenols

Notably, the maleic anhydride modified ethylene copolymer has the function of
reducing interphase tension with the n-MDH fillers in order to improve the performance
properties of the polymer composite [16].

Stabilizer-protecting polyolefins usually contain a hindered phenolic primary an-
tioxidant which significantly improves the thermo-oxidative stability of the polymer’s
melting [17].

2.3. Characterization

The specimens for the MFI, density and mechanical tests were cut directly from the
sheets. The mechanical properties were tested the day after compounding. The specimens
for the LOI and vertical burning tests were prepared by hot pressing the prepared sheets
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following the compound orientation. For the LOI and the vertical burning tests, the
thicknesses of the specimens were 3 and 1.5 mm, respectively.

The tensile properties were measured by using a Lloyd Instruments LS 500 dynamome-
ter at a crosshead speed of 250 mm/min at room temperature. The width and thickness
of the tensile test specimens were 3.0 mm and 2.0 mm ± 0.2 mm, respectively, and the
stretched length was 20 mm ± 0.5 mm (according to the standard ISO 37 type 2).

The differential scanning calorimetry (DSC) (as measured by a Perkin Elmer Pyris
6 DSC) was performed on samples weighing from 10–20 mg. The values of the melting
temperatures were recorded by the second heating curve of the DSC thermogram. The
crystallization temperature was taken from the cooling curve of the DSC thermogram.

CAT (Chemometric Agile Tool, Gruppo di Chemiometria) was the software that was
used for the data analysis of the DoE (design of experiment) [18,19].

The fire tests that were used for all of the investigated formulations were the limiting
oxygen index (LOI) and vertical burning tests [14] For the determination of the limiting
oxygen index, a burner flame was applied to the top of a vertically oriented bar, which was
in a test column with a mixture of oxygen and nitrogen flowing. The LOI value represents
the minimum concentration of oxygen (%) in the gas mixture that is necessary to support
the combustion of the material that was initially held at room temperature. The initial
concentration of oxygen was chosen arbitrarily. The specimens that were used were cut to
dimensions of 100 × 6 × 3 mm, according to the standard ASTM D2863.

The vertical burning test was carried out on samples with dimension of 190 × 100
× 1.5 mm, with a graduation line marked at 150 mm [20]. Each specimen was fixed in a
specimen holder and a Bunsen burner’s flame was applied at the bottom of the sample. The
time that was necessary for the top of the flame to reach the graduation line was recorded
(t1). This could be considered as a burning time measurement, which also considers the
height (intensity) of the flame. Higher t1 values (up to the limit of self-extinguishing)
indicated a lower burning rate and a lower height of the flame. A specially modified set up
of this test was used for the determination of the characteristic burning time parameters
and for the evaluation of the physical stability of the materials during combustion. The
sufficiently large dimensions of the sample and the presence of the mask prevented the
specimen from moving during the combustion process, leading to a clear identification
of the stability of the material and its tendency to drip. The flame’s dimensions were
determined by use of image analysis. The horizontal flame spread at the graduation line
was determined by use of residue analysis.

2.4. Design of Experiment (DoE)

Design of experiment (DoE) is a suitable method that is used for studying the behavior
of a system and it has been successfully introduced into industrial systems and research.
DoE has built its principles from statistical and mathematical methods and it involves
planning and performing a set of experiments in order to determine the effects of the input
variables on the output responses. Experimental design is thus useful in the processes of
designing new industrial products, finding the optimum values of a system, and predicting
and characterizing the behavioral model of a system [21].

Within this study, DoE principles were applied to a variety of POEs that were combined
with an n-MDH composite in order to find a method for evaluating the performances of
the different formulations.

The density (d), melt flow index (MFI), and amount of filler in the formulation (filler)
were selected as the independent variables of the model. The variation ranges of these
factors were: density (x1) between 0.870–0.902 g/cm3, MFI (x2) between 1–5 g/10 min, and
an amount of filler (x3) between 60–65%. The range of the variables that were selected
complies with the characteristics that are required for the cable industry. The selected
ternary system was studied through the application of DoE. CAT (Chemometric Agile Tool)
is the software that was used to elaborate the data. The generic equation representing the
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correlation between the independent variables (x1, x2, x3) and the response (Y) is reported
in Equation (1):

Y = β0 +Σβixi + Σβixixj + Σβiixi
2 (1)

where β0, βi, βij and βii are the regression coefficients for the intercept, linear, interaction
terms, and quadratic, respectively, which were calculated from the experimental data.

In our case, the linear and interaction terms were considered; the linear terms relate
to the direct influence of the components on the output responses and the second order
terms represent the interaction between couples of variables. In the DoE, the domain of
the study was limited between two levels: “lower level” and “upper level” (levels −1
and 1, respectively) [22,23]. The intersection of these factor levels gives an “experimental
point” [24,25].

An 11-run experimental design was used in order to study the ternary FR system
by choosing the formulations that are necessary for the statistical analysis of the different
mechanical and flame-retardant parameters. Therefore, five ENGAGE TM polymers at
the top and in the center of the experimental domain were selected for this study. The
performance of the model was calculated by means of RMSECV (root mean square error in
cross validation).

3. Results and Discussion
3.1. Thermal Characterization

Being that the mechanical properties of polymers and polymer composites are greatly
affected by their crystallinity content, [26] thermal characterizations by differential scan-
ning calorimetry of the ENGAGE-based matrices were accomplished and are reported in
Figure 2.
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From the Dow Chemical technical data sheets, it was possible to estimate the octene
comonomer content that was used during the metallocene copolymerization process. The
degree of crystallinity was calculated from ∆H◦

f using the Equation (2) [27] (the results of
which were always greater than those that were reported by Dow [28]):

Xc = ∆H◦
f

100

293
(

J
g

) (2)

The physical structure and the properties of poly(ethylene-co-1-octene) are mainly
controlled by the constitution of the macromolecule, i.e., the number of hexyl branches
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in the backbone. The concentration of the octene comonomer in poly(ethylene-co-octene)
polymers has a predominant effect on their total crystallinity, crystal structure, and melting
temperatures (Table 2). As the number of hexyl branches increases, the morphology of the
crystals continuously changes from a lamellar structure, which is typical for a standard
polyethylene, to a defect-rich, fringed-micellar arrangement that prevents the formation of
a perfectly crystalline structure [29]. Notably, a higher density, higher melting peak, and
greater melting enthalpy (∆H◦

f) were found in the polymers with a higher crystallinity
and a lower comonomer content. For example, ENGAGE 8480 showed the highest melting
temperature and enthalpy, had a degree of crystallinity of 40%, a density of 0.902 g/cm3,
and the lowest comonomer content of 5.9%. As reported by Kontou [30], poly(ethylene-
co-octene) copolymers with densities less than 0.9 g/cm3 have no lamellae or spherulites,
because the segmental length between branches is not long enough to crystallize by the
conventional chain-folding process.

Table 2. Data obtained from the DSC of ENGAGE 8480, 8450, 8003, 8200, and 8100, comonomer
content, and degree of crystallinity obtained from literature.

ENGAGE Tm *1

(◦C)
∆H◦

f *2

(J/g)
Tc *3

(◦C)
∆H◦c *4

(J/g)

Comonomer
Content
(wt.%)

Xc *5

(DOW)
Xc *5

(%)
Density
(g/cm3)

8480 103.2 109.17 42.99 −69.00 20 33 37 0.902
8450 98.6 96.25 43.26 −86.30 20 29 33 0.902
8003 83.7 87.08 60.80 −97.09 30 25 30 0.885
8200 63.4 76.06 76.74 −99.62 38 19 26 0.870
8100 60.5 66.97 83.81 −99.79 38 18 23 0.870

*1 Tm= melting temperature (◦C); *2 ∆H◦
f = enthalpy of fusion (J/g); *3 Tc = crystallization temperature (◦C);

*4 ∆H◦c = enthalpy of crystallization (J/g); and *5 Xc = degree of crystallization (%).

3.2. Compatibilizer Optimization

A preliminary step in the optimization of the dosage of the maleated compatibilizer
was accomplished. Six different formulations were prepared using ENGAGE 8003 as the
POE with an intermediate density of 0.885 g/cm3, 60 wt.% of n-MDH, and with a variable
0–5 wt.% content of FUSABOND N525 as the maleated compatibilizer, with the aim to
determine its influence on the mechanical properties of the final composites (Table 3).

Table 3. Formulations vs. dosage of maleated compatibilizer %.

Ingredient Trade Name 1A (%) 1B (%) 1C (%) 1D (%) 1E (%) 1F (%)

POE ENGAGE
8003 39.8 38.8 37.8 36.8 35.8 34.8

POE-g-MAH FUSABOND
N525 0 1 2 3 4 5

Natural
magnesium
hydroxide

Ecopiren 3.5 60 60 60 60 60 60

Stabilizer Irganox 1010 0.2 0.2 0.2 0.2 0.2 0.2

The samples were prepared and tested via stress–strain experiments that were in
accordance with the ISO 37 type 2 test. The results have been reported and compared as a
function of the dosage of the coupling agent in Figure 3 and Table 4.
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Elongation at

break *3 (%) 518 ± 117 322 ± 188 180 ± 16 232 ± 15 226 ± 18 216 ± 20

Young’s modulus (Mpa) 53.9 ± 4.7 64.8 ± 6.6 83.2 ± 7.4 99.2 ± 7.8 109.8 ± 8.1 159.8 ± 10.3

*1 ASTM D792, *2 21.6 Kg @ 190 ◦C, and *3 ISO 37 Type-2.

After the addition of the 60 wt.% of the mineral filler and in the absence of a coupling
agent (i.e., 1A formulation containing ENGAGE 8003 and 0% coupling agent), the polymer
matrix experienced an evident increase in its tensile strength at the expense of its elongation
at break. An increase in the stress that was associated with stress hardening was also noted
after the cold flow zone at 400% deformation in ENGAGE 8003 with and without filler.

Ethylene/α-olefin copolymers, such as ENGAGE 8003, with homogeneous branching
distributions during the various phases at low stresses are free to slide, but at high stresses
a large-scale orientation of the polymer chains in the amorphous phase crystalline lamellae
occurs, resulting in the consequent strengthening of the material (Figure 3) [31].

The progressive addition of the FUSABOND N525 (Figure 3 and Table 4) strongly
contributed to the decrease of the elongation at break and to the increase in the tensile
strength due to an enhancement of the effective coupling interactions with the hydroxyl
groups of the filler surface during the mixing process. This effect led to an increase in the
mineral filler’s dispersion in the polymer matrix.

This result agrees with the literature, e.g., Lin [32] evaluated the effects of different
compatibilizers on the mechanical properties of an EVA–MDH composite. They pointed
out that the incorporation of PE-g-MAH increased the tensile strength at the expenses of
the elongation at break. This response is possibly due to the effect of the carboxyl groups
on maleic anhydride grafted polyethylene interacting with the hydroxyl groups of the
magnesium hydroxide surface [33].

Polymer compounds that are used in electrical cables usually require 150% of elon-
gation at break and 10 MPa or 12.5 MPa of tensile strength (for sheathing and insulating
applications, respectively), therefore dosages of FUSABOND N525 that are higher than 3%
were considered to be suitable (Figure 4) (per the reference standards CEI 20-11, BS7655
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6.1, and DIN VDE 0207) [34]. This result is also confirmed by our previous work in which
the 3% coupling agent was found to be the best compromise between mechanical and
rheological properties [35].
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Figure 4. Tensile strength (MPa) and elongation at break (%) as a function of percentage of FUS-
ABOND N525.

Moreover, the melt flow index (MFI, Table 2), which is a measurement of the resistance
of a melting thermoplastic polymer to flowing, decreased from 7.4 ± 0.4 to 2.9 ± 0.1 g/10
min with the addition of the compatibilizer, thus suggesting the existence of effective
interactions between compatibilizer and the POE matrix. Overall, considering these results,
the 3 wt.% of the coupling agent was considered the best trade-off dosage, since it provided
a good balance between the mechanical (tensile strength of 14.4 MPa, elongation at break
232%), and rheological properties (MFI 3.8 g/10 min) that were required.

3.3. Effect of POE Characteristics and Natural MDH Content on the Properties of
HFFR Composites

Today there are a great number of low voltage electric cables that rely on raw materials
that vary in their quality and performance. A great challenge is to develop methodologies
and strategies that can help in the production of a stable product quality level that meets
the minimum required standards. Chemometrics provides a tool for finding the optimum
value of a certain responses or an adequate compromise if the requirements are in conflict.

We present here a general method that is based on the application of a multivariate
approach to the study of a flame-retardant composite, which allows the analysis of different
parameters, the relationship between the raw materials, and the end-product results.

The leverage was the first prediction that was taken into consideration and it can be
calculated at any point of the experimental process.

The value of leverage multiplied by the experimental variance corresponds to the
variance of the estimate of the response at that point. Therefore, a leverage of 1 means that
the response can be predicted with the same accuracy as the actual experiment, while a
leverage <1 means that the response can be predicted better than if a real experiment were
performed at the same point [36].

From the iso-response surface and the contour plot that connects all of the points that
have the same predicted response (Figure 5), we can observe how the leverage is lower
than 1 in most of the experimental domains. The leverage grows in the upper right corner,



Micro 2022, 2 172

indicating that the answer will have less confidence in that region (a zone which is outside
of the experimental domain and therefore outside of the model).
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The optimization of the mechanical and flame-retardant properties of the POEs were
investigated by means of a multivariate analysis.

For this ternary system, 11 design formulation runs were performed relative to 10
different compositions and 1 formulation that was added from the validation test. Table 5
defines the experimental design as well as the main properties that were collected and the
values of the normalized and dependent variables.

Table 5. Properties (density, MFI, tensile strength, elongation at break, Young’s modulus) of prepared
samples 1a–1f based on ENGAGE 8003 and 60% of filler.

Independent Variables Variables Levels Dependent Variables

Formulations D *1 MFI *2 Filler *3 d MFI Filler TS *4 EB *5 YM *6 LOI *7

1 0.885 1 60 −0.0625 −1 −1 11.8 278 39.24 26
2 0.902 3 60 1 0 −1 14 192 69.39 28
3 0.870 1 60 −1 −1 −1 10.2 283 23.51 27
4 0.870 5 60 −1 1 −1 9 170 16.4 28
5 0.902 1 60 1 −1 −1 15.9 133 104.74 29
6 0.885 1 65 −0.0625 −1 1 11.9 147 69.4 29
7 0.902 3 65 1 0 1 14 70 109.4 31
8 0.870 1 65 −1 −1 1 9 186 26.6 30
9 0.870 5 65 −1 1 1 8.1 198 24.3 30
10 0.902 1 65 1 −1 1 14.3 100 136.95 31
11 0.885 1 62.5 v0.0625 −1 0 12.9 249 40.73 28

*1 d = density g/cm3; *2 MFI = g/10min 2.16 kg @ 190 ◦C of the basic polymers; *3 Filler = amount of filler in the
formulation (%); *4 TS = tensile strength (MPa); *5 EB = elongation at break (%); *6 YM = Young’s modulus (GPa);
and *7 LOI = limited oxygen index.

The principal component analysis (PCA), which is outlined in Figure 6, was used in
order to find correlations among the data of Table 5. Notably, PCA is a multivariate analysis
method that is commonly used to express data in order to highlight the similarities and
differences. The PCA allows the visualization of the variables that are responsible for the
positive and negative correlations between the samples.
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Figure 6. PCA plot of the parameters.

It is possible to notice two different clusters in Figure 6: cluster 1 (blue circle), which is
composed of tensile strength, Young’s modulus, and the density of the POE) and cluster 2
(red circle), the LOI and amount of filler). These positive correlations between the variables
are in line with our expectations: in cluster 1 the increase in the density of the polymer
matrix had led to an increase in both the tensile strength and Young’s modulus, while in
cluster 2 the increase in the amount of filler content had led to an increase in the density
of the compounds and in the flame-retardant properties (the LOI value). The variables in
cluster 2 are also negatively correlated with the elongation at break. This is due to the high
quantity of filler that is inside the compound that leads to a lowering of its mechanical
properties. Concerning the statistical modelling of the data, Table 6 reports the values that
were calculated for the set of regression coefficients that are involved in Equation (1) which
describe the tensile strength, elongation at break and Young’s modulus (Y) as functions of
the main parameters (x1, x2, x3), together with their statistical significances. The calculated
coefficients for TS and YM indicate that these properties were positively affected by the
increase in the density with significance at the 99% confidence level.

Table 6. Coefficients of the model equation.

Linear Coefficients Interactions Coefficients

b0
d MFI Filler D * MFI D * filler MFI * Filler

(x1) (x2) (x3) (x1x2) (x1x3) (x2x3)

TS 11.54 2.46(***) −0.82 −0.33 −0.2894 0.08 0.08
EB 177.58 −46.58 −25.98 −26.99 14.18 −5.12 21.43
YM 53.72 35.68 (**) −10.42 11.53 −12.74 7.71 0.51
LOI 28.92 0.58 0.45 1.25(**) −0.22 −0.04 −0.14

(*) p (p-value) < 0.5, (**) p (p-value) < 0.1, and (***) p (p-value) < 0.01.

Following the report of the experimental plan to validate the model, three more tests
were performed in the “central” point. All of the responses from the independent variable
model were validated and therefore can be applied across all of the experimental domain.
Considering the model’s validation, one of the three tests was selected (62.5% of filler and
ENGAGETM 8003 d = 0.885 g/cm3 MFI 1 g/10 min 2.16 kg @ 190 ◦C) and was added to the
model in order to improve its predictive capacity.
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The multivariate analysis is therefore based on the samples that were prepared ac-
cording to the 11 formulations that are reported in Table 5. The detailed analysis of the
experimental and chemometric results is then reported.

3.4. Mechanical Properties

The five different POE samples that were investigated were filled with up to 60–65
wt.% of the flame-retardant filler and 3 wt.% of FUSABOND N525. These were subjected to
tensile testing and the results, in terms of the tensile strength (TS), elongation at break (EB),
and Young’s modulus (YM), are reported in Table 7.

Table 7. Properties (tensile strength, elongation at break, and Young’s modulus) of the samples 1–11
with 3% of FUSABOND N525 filled with up to 60, 62.5, and 65 wt.% of filler.

ENGAGE Density *1

(g/cm3)
MFI *2

(g/10min) n-MDH (%)
Tensile Strength

*3

(MPa)

Elongation at
Break *3 (%)

Young’s
Modulus (MPa)

1 8003 0.885 1 60 11.0 ± 0.3 278 ± 15 39.2 ± 4.3
2 8450 0.902 3 60 14 ± 0.3 192 ± 31 69.4 ± 5.1
3 8100 0.870 1 60 10.2 ± 0.3 283 ± 24 23.5 ± 3.4
4 8200 0.870 5 60 9 ± 0.2 170 ± 35 16.4 ± 2.3
5 8480 0.902 1 60 15.9 ± 0.4 133 ± 19 104.7 ± 7.2
6 8003 0.885 1 65 11.9 ± 0.3 147 ± 38 68.3 ± 5.5
7 8450 0.902 3 65 14 ± 0.5 70 ± 6.4 109.4 ± 7.4
8 8100 0.870 1 65 9 ± 0.6 186 ± 52 26.6 ± 3.7
9 8200 0.870 5 65 8.1 ± 0.3 198 ± 14 24.3 ± 3.5

10 8480 0.902 1 65 14.3 ± 0.5 100 ± 47 136.9 ± 9.2
11 8003 0.885 1 62.5 12.9 ± 0.4 249 ± 28 40.7 ± 3.8

*1 ASTM D792, *2 21.6 Kg @ 190 ◦C, and *3 ISO 37 Type-2.

Most of the formulations met the standard requirements (tensile strength of 10–12
MPa and elongation at break of 150%) for cable applications (per IEC 2011, BS7655 6.1,
and DIN VDE 0207). Some authors [37,38] have tried to find a good agreement between
the amount of filler and the mechanical and fire-retardant properties, but at the moment
there are no studies concerning composites that are loaded with a high amount of n-MDH
(60–65%) and using poly(ethylene-co-octene) as a polymer matrix.

The mechanical properties (the tensile strength, elongation at break, and Young’s
modulus) of the 11 formulations were analyzed from the results of their stress–strain
curves, which are shown in Figure 7.
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The mechanical properties of these compounds are mainly influenced by the type
and amount of comonomer of the POE and by the distribution of the short chain branches
(SCB). As the α-olefin content increases (and hence the density decreases), the number of
consecutive ethylene units decreases and the crystallizable part of the copolymer becomes
smaller [30,39].

Figure 7a evidences the role of the POE’s density (formulations 3 versus 5) in increasing
its tensile strength (from 10.2 ± 0.3 MPa to 15.9 ± 0.4 MPa) and negatively impacting on its
elongation at break (from 283 ± 24 to 133 ± 19, respectively).

The stress–strain graph that is shown in Figure 7b shows the same trend that has been
reported previously. As reported in the literature [6], the increased crystallinity results in
an improved modulus and yield stress and this is confirmed by the presently reported
data. Actually, an enhancement of the MFI of the polymer matrix gives rise to a decrease
in the tensile strength, specifically evidenced in the case of formulations 3 vs. 4 (from
10.2 ± 0.3 MPa to 9 ± 0.2 MPa) and 5 vs. 2 (from 15.9 ± 0.4 MPa to 14 ± 0.3 MPa).

Figure 8 reports the stress–strain curves of three formulations that were based on EN-
GAGE 8003 (d = 0.885 and MFI = 1.0) with 60, 62.5, and 65% filler composition, respectively.
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Figure 8. Stress–strain graphs of formulation 1 (ENGAGE 8003, 60% filler), formulation 6 (ENGAGE
8003, 65% filler), and formulation 11 (ENGAGE 8003, 62.5% filler); all three formulations included 3%
FUSABOND N525.

The reduced deformability of the POE’s matrix as a result of the increased filler content
was possibly due to the filler–matrix interaction: adsorbed polymer chains on particles’
surfaces lead to higher rigidity (as indicated also by the higher Young’s modulus for these
compositions), which leads to earlier fracture initiation and propagation [34].

In agreement with the literature [40], the introduction of a micronized mineral filler,
such as natural magnesium hydroxide, leads to an increase in the Young’s modulus value
(39.2 ± 4.3 MPa to 68.3 ± 5.5 MPa), yield strength (11.0 ± 0.3 MPa to 11.9 ± 0.3 MPa) and a
decrease in the elongation at break (278 ± 15 to 147 ± 38) with increasing filler content.

The data that are reported in Table 5 were processed using CAT software (Chemometric
Agile Tool) for the design of experiment (DoE) in order to describe the mechanical and
flame-retardant (FR) properties as a function of the POE’s characteristics and its content
of filler.

Figure 9a–c show the dependence of the tensile strength (TS), elongation at break
(EB) and Young’s modulus (YM) on the density and the MFI that were measured with the
intermediate amount of filler (x3 = 0).
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Figure 9. Response surface of (a) tensile strength as a function of density (d) (x1), melt flow index
(x2), and intermediate content of filler (x3 = 0); (b) elongation at break as a function of density (x1),
melt flow index (x2), and intermediate content of filler (x3 = 0); (c) Young’s modulus as a function of
density (x1), melt flow index (x2), and intermediate content of filler (x3 = 0).

In agreement with earlier works [41,42] that correlate the structure, morphology, and
crystallinity of these POEs with their mechanical properties, it is known that the increase
in the content of α-olefinic comonomers has a direct influence on the morphology of
the melting polymer, with decreases in its crystallinity and density that lead to a drastic
change in its mechanical properties. This is confirmed by the isoresponse surface wherein
an enhancement of the polymer’s density gives rise to an increase in its tensile strength.
Consequently, in agreement with the literature [43] and as confirmed by the model, the
decrease in the level of crystallinity cooccurs with an increase in the elongation at break.
Moreover, Young’s modulus has the same trend that is seen with the TS, as a matter of fact
the independent variables that have the more significant and positive effects are the density
and the amount of filler that is present. An improvement in the tensile strength leads to
an increase in the slope of the elastic zone followed by an increase in Young’s modulus.
Accordingly, the introduction of large quantities of filler results in an increase in Young’s
modulus, the tensile strength, and a decrease in the elongation at break.

3.5. Limiting Oxygen Index (LOI)

The flame-retardant efficiency of POE-based composites that are filled with n-MDH
has been evaluated with the limiting oxygen index (LOI). The LOI can be still considered the
most-used FR test in the industrial world as an indicator of the flammability of materials:
a higher LOI value indicates superior flame-retardancy [10]. Generally, LOI values go
from 16–18% O2 for highly flammable compounds (like pure PE or PP) up to >90% O2 for
virtually incombustible materials. In HFFR compounds that are used for the insulation and
sheathing of cables, the typical LOI range is from 25% to 48% O2 [44]

As for the other composite properties, the fire-retardant performance depends strongly
on the nature, origin and chemical characteristics of the fillers and polymers, and especially
their interactions. The obtained results are reported in Table 8.
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Table 8. Data obtained from LOI of formulations 1–11, with 3% of FUSABOND N525 filled up to
60–65 wt.% n-MDH.

Formulations ENGAGE Density *1

(g/cm3)
MFI *2

(g/10 min)
n-MDH

(%)
LOI *3 (±1)

(%O2)

1 8003 0.885 1 60 26
2 8450 0.902 3 60 28
3 8100 0.870 1 60 27
4 8200 0.870 5 60 28
5 8480 0.902 1 60 29
6 8003 0.885 1 65 29
7 8450 0.902 3 65 31
8 8100 0.870 1 65 30
9 8200 0.870 5 65 29

10 8480 0.902 1 65 31
11 8003 0.885 1 62.5 28

*1 ASTM D792, *2 21.6 Kg @ 190 ◦C, and *3 ISO 37 Type-2.

As expected, the LOI values slightly increased with the addition of the fillers to the
POE due to the flame retardant-effect of the magnesium hydroxide.

Figure 10a shows the dependence of the LOI on the density and MFI at an intermediate
amount of filler (x3 = 0) and Figure 10b shows the dependence of the LOI on the density
and amount of filler at intermediate values of the MFI (x2 = 0).
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intermediate value of melt flow index (x2 = 0). This shows the dependence of the LOI on the density
and amount of filler at intermediate values of MFI (x2 = 0).

The same trend was reported by the model, i.e., the isoresponse curves show that
the LOI values increased with the increase in the amount of the filler content. Notably,
the statistical coefficients indicate (Table 6) that the LOI is effectively influenced by all
three of the variables, with that which was associated with the filler loading (x3) being
the most significant. Further, the viscosity of the composite increased due to the filler’s
affects the LOI experiment. The higher viscosity of the composite avoids dripping and
the material shows a reduced ability to disperse heat. Moreover, it is possible to notice an
improvement in the LOI with the polymer density at the same level of filler content, i.e.,
from 27% (formulation 3) to 29% (formulation 5).
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3.6. Best Operating Conditions

The DoE was also inspected for its validity by comparing the experimental values
and the fitted values that were provided by the model for each output datum, as shown in
Figure 11. The data showed that the model provided an accurate description of the experi-
mental data, indicating a connection between the dependent and independent variables.
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The values that were predicted by the multivariate model that was associated with
each dependent variable are in good agreement with the values that were observed ex-
perimentally. The results highlight that there are tendencies in the linear regression fit
(Figure 11) and the model accurately explains the experimental range that was studied. On
this account, the model was found to be adequate for predicting the optimized production
of HFFR compounds from the range of the preparation variables that was studied.

The above study shows that the mechanical and fire-retardant properties of HFFR
compounds are more highly influenced by the density of the main polymer and the amount
of filler that is present in the composite. DoE numerical optimization tools were then used
in order to evaluate the best molecular properties of the polymer matrix and the most
appropriate proportion of flame-retardant additives that was required in order to produce
the best desired output. In order to obtain a product with the stringent specifications that
were required, as previously reported, [34] the following limitations were defined:

(1) 150% of elongation at break.
(2) 10 MPa or 12.5 MPa of tensile strength (for sheathing and insulating applications,

respectively).
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Figure 12 shows the formulations that were predicted by the DoE model for the three
variables that were studied in this case, with elongation at break values that are greater
than 150%.
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Depending on the specifications that were previously considered for sheathing and
insulating applications, the present model is able to predict the best formulations in terms
of the tensile strength (TS) and high flame-retardant properties (high LOI).

The formulation that was identified by the model to be the best compromised (red cir-
cle in Figure 12) the properties for both sheathing and insulating (TS 11.99 EB 166 LOI 29.3)
and involved 63.75% n-MDH filler and ENGAGE 8003 (Figure 12). This result eventually
demonstrated that the statistical analysis was reliable in its ability to optimize the produc-
tion of HFFR compounds with the best compromise between mechanical, rheological, and
fire-retardant properties.

3.7. Vertical Burning Test

For the evaluation of the flame performance of the composite, a vertical burning test
was realized in addition to the measurement of the LOI. In industrial applications, vertical
burning tests are widely used for flammability analysis as a screening procedure because
they provide an efficiency indication quite rapidly [14]. Generally, vertical burning tests
provide information on the rate of a fire’s spread and about the dripping tendency of
flaming parts. FR materials often must reach specific fire safety standards that have been
established for plastic components. To satisfy the fire safety requirements, the presence of
flaming drops is taken in account within EN 50399 as adopted by European Construction
Products Regulation (CPR) [45]

In our case, great attention was also given to the evaluation of the stability and
cohesion of the material during combustion. This is one of the key properties for materials
that are used in the field of cables, roofing, and transportation applications: materials are
considered safer when they do not produce any flaming droplets.

The DIN 4102 B2 setting was useful for observing the combustion characteristics of
the material. In this work, the vertical combustion tests were performed using a laboratory
scale test (DIN 4102 B2 modified). A specially modified configuration of this test was
used for the determination of the characteristic parameters of the burning time and for
the estimation of the physical stability of the materials, as evaluated by the presence of
burning drops.

Table 9 shows the experimental results of the 11 formulations that were obtained from
the vertical combustion test.
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Table 9. Vertical burning test of formulations 1–11, with 3% of FUSABOND N525, filled up to
60–65 wt.% of filler.

Vertical Fire Test 1 2 3 4 5 6 7 8 9 10 11

EGAGE 8003 8450 8200 8100 8480 8003 8450 8200 8100 8480 8003

Density (g/cm3) 0.885 0.902 0.870 0.870 0.902 0.885 0.902 0.870 0.870 0.902 0.885
Melting temperature (◦C) 83.7 98.6 63.4 60.5 103.2 83.7 98.6 63.4 60.5 103.2 83.7

MFI (g/10min 2.16 kg @ 190 ◦C) 1 3 1 5 1 1 3 1 5 1 1
Content of MDH (%) 60 60 60 60 60 65 65 65 65 65 62.5

Time 1 (s) 130 85 86 88 79 78 136 93 100 126 127
Time 2 (s) 184 181 172 188 180 210 - 212 174 230 240

Self-extinguished NO NO NO NO NO NO YES NO NO NO NO
Presence of burning droplets YES YES YES YES YES YES NO YES YES NO YES

Starting time of burning drops (s) 120 93 54 54 99 144 - 210 142 - 110
Flame height (cm) 20 20 24 24 22 33 23 37 33 23 26
Flame spread (cm) >8 >8 >8 >8 6 4.5 3.5 4 5 4 4

The values that are reported in Table 9 evidence the role of n-MDH in increasing flame
retardancy. All of the results of the vertical tests in the studied system highlight the strong
effect of the fillers, in accordance with the results of previous works [14].

The role of POE’s crystallinity and the probable role of its melting temperature is less
obvious. As previously mentioned, the melting temperatures of ENGAGE 8480 and 8450
are higher than those of ENGAGE 8003, 8200, and 8100. Actually, the experimental results
suggest that POEs with lower density and lower melting temperatures give the HFFR
compounds a higher tendency to drip. Moreover, the higher melting temperature of the
polymer is reflected in the results of sample 7, which is characterized by a self-extinguishing
behavior with no dripping.

4. Conclusions

The design of experiment method that was adopted here has been exploited in order
to study the effects of the different molecular properties (MFI and density) of polymers and
the effects of different amounts of filler on POE composites. A wide variety of parameters
were studied for the design of experiment, such as the tensile strength, elongation at break,
and Young’s modulus for measuring the mechanical properties and the limiting oxygen
index and vertical burning tests for measuring the fire properties.

It has been demonstrated that 3 wt.% of maleated coupling agent is required in order
to achieve good mechanical properties (TS 14.4 EB 232) that satisfy the characteristics
that are required for the final application. Our studies have shown that an improvement
in the flame-retardant properties (as measured by the LOI and vertical burning test) is
obtained by increasing the amount of filler that is in the composite (60%, 62.5%, and 65%).
Better flame-retardant properties are also obtained from polymers with a higher degree
of crystallinity. More specifically the best flame-retardant ability, with a LOI of 31%, was
eventually determined in the case of ENGAGE 8450 with 65 wt.% of n-MDH. Moreover,
in the case of ENGAGE 8480 with 65 wt.% of n-MDH, the best flame-retardant properties,
self-extinguishing behavior and no dripping were identified.

Actually, regarding the mechanical properties, the significant role of the POE’s density
(or, in other words, its crystallinity) in increasing the tensile strength from 10.2 MPa to 15.9
MPa and negatively impacting on the elongation at break from 283% to 133%, respectively,
was demonstrated. A good balance between mechanical, rheological and flame-retardant
properties can be reached by varying the molecular properties of POE and the content of n-
MDH. More specifically, the present model provided an optimized recipe for a formulation
that is characterized by the best compromise between mechanical, rheological, and fire-
retardant properties (TS 11.99 EB 166 LOI 29.3) for sheathing and insulating applications,
in compliance with the relevant requirements.

Overall, this model represents the innovative use of a method that is able to offer
a practical way for studying, modelling, and characterizing the influence of pertinent
parameters that are involved in the response of flame-retardant compounds.
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