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presented, and its use as nanofiller in the melt compounding of low 

density polyethylene (LDPE) nanocomposites. In particular, the effects on 

the thermal stability and flame retardant properties of melt compounded 

LDPE nanocomposites are analyzed, with and without magnesium hydroxide 

(MH) as an additional conventional flame retardant. The purpose was to 

investigate possible synergistic effects between the two inorganic 

fillers on fire behavior. The obtained organosilylated clay showed higher 

interlayer spacing than the original MMT and good thermal stability, 

higher than that of many commercial organoclays modified with 

alkylammonium salts. Its addition to LDPE allowed the production of 

hybrids with nanoscale dispersion of the filler, as demonstrated by X-ray 

diffraction. The simultaneous presence of MH, which strongly interacts 

with the nanoclay, hindered intercalation of the polymer chains between 

the clay galleries and clay layer exfoliation within the LDPE resin. 

The investigation of the thermal and burning behavior of the LDPE 

nanocomposites indicated that the organosilylated clay alone shows only a 

limited residual protection layer effect. In combination with MH the 

nanocomposites have a small adverse effect on the reaction to small flame 

as measured by the oxygen index and UL 94 testing, and, surprisingly, no 

effect on the peak heat release rate in the cone calorimeter. The quality 

of the fire residue was lacking on the microscopic scale. The ternary 

LDPE/MH/organoclay systems investigated did not open the door to reducing 

MH content in halogen-free flame retardant LDPE yet, but demand further 

research. 
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Abstract 

The functionalization of a natural sodium montmorillonite (MMT) with (3-

glycidyloxypropyl)trimethoxysilane by a silylation procedure is presented, and its use 

as nanofiller in the melt compounding of low density polyethylene (LDPE) 

nanocomposites. In particular, the effects on the thermal stability and flame retardant 

properties of melt compounded LDPE nanocomposites are analyzed, with and without 

magnesium hydroxide (MH) as an additional conventional flame retardant. The purpose 

was to investigate possible synergistic effects between the two inorganic fillers on fire 

behavior. The obtained organosilylated clay showed higher interlayer spacing than the 

original MMT and good thermal stability, higher than that of many commercial 

organoclays modified with alkylammonium salts. Its addition to LDPE allowed the 
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production of hybrids with nanoscale dispersion of the filler, as demonstrated by X-ray 

diffraction. The simultaneous presence of MH, which strongly interacts with the 

nanoclay, hindered intercalation of the polymer chains between the clay galleries and 

clay layer exfoliation within the LDPE resin. 

The investigation of the thermal and burning behavior of the LDPE nanocomposites 

indicated that the organosilylated clay alone shows only a limited residual protection 

layer effect. In combination with MH the nanocomposites have a small adverse effect 

on the reaction to small flame as measured by the oxygen index and UL 94 testing, and, 

surprisingly, no effect on the peak heat release rate in the cone calorimeter. The quality 

of the fire residue was lacking on the microscopic scale. The ternary 

LDPE/MH/organoclay systems investigated did not open the door to reducing MH 

content in halogen-free flame retardant LDPE yet, but demand further research. 

 

Keywords: A. Nano structures; A. Polymer-matrix composites (PMCs); B. High-

temperature properties; E. Thermoplastic resin; Burning behavior. 
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1. Introduction 

The improvement of relevant technological properties (mechanical, gas barrier, 

resistance to heat and flame, etc.) of polymeric matrices by the addition of layered 

organoclays, even at very low loading (<7-8 wt%), was demonstrated to be effective, 

particularly for several polar polymers (e.g. polyamides, polylactic acid, poly(-

caprolactone), poly(methyl methacrylate), polyacrylonitrile, etc.) [1-10]. A good 

polymer-clay affinity favors the nanoscale dispersion of the organoclay and the 

delamination of the layered clay structure, thus leading to the formation of exfoliated 

morphologies responsible for enhanced performance. Remarkable synergistic effects of 

layered organoclays with other filler materials on reinforcement and on the flame 

retardancy of several matrices were also reported [11-15]. In particular, the combination 

of metal hydroxides with layered nanoparticles is one of the most successful approaches 

to reduce the filler amount needed to pass fire tests [16-21].  

In the case of hydrophobic polymers such as polyethylene (PE), the advantages obtained 

have been limited up to now. Due to the poor adhesion between polymer and 

organoclay, generally only intercalated or poorly exfoliated morphologies are achieved, 

especially when the nanocomposites are produced by conventional melt intercalation 

techniques [22]. The results have remained largely unsatisfactory, even in the presence 

of compatibilizing and coupling agents. Barring the use of compatibilizer or coupling 

agents in excessive amounts, the question of how to obtain exfoliated structures in PE 

resins is still open and continues to attract many research efforts seeking the potential 

technological benefits that could ensue and lead to more advanced applications. 

One possible strategy to increase the PE/nanoclay interactions, and thus to promote the 

compounding of nanocomposites, may be the use of layered clays functionalized with 
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organosilane modifiers (R–Si-(OR′)3). These agents are low in cost and react readily 

with the OH groups at the external surface, at the interlayer and at the edges of the clay 

mineral by condensation reactions, thus forming covalent bonds and yielding a decrease 

in the hydrophilicity of the clay surface and an increase in the distance between the 

layers [22-23]. Even though the use of silane coupling agents has been demonstrated to 

be effective in improving matrix/filler compatibility with several polymer systems, to 

the best of our knowledge this path has been explored only rarely in the scientific 

literature on developing PE/clay nanocomposites, in part because of the limited 

availability of commercial organosilylated clays [24]. 

In this study we successfully modified a natural sodium montmorillonite (MMT) with 

(3-glycidyloxypropyl)trimethoxysilane (GOPTMS) through a silylation procedure and 

used the obtained organosilylated layered clay as a nanofiller for a low density 

polyethylene (LDPE). LDPE nanocomposite systems at different loadings of 

organosilylated clay were produced by melt compounding using a pilot-scale twin-

screw extruder, and characterized by several techniques in order to analyze the effects 

of the system’s composition on the developed morphology, the thermal stability, the 

flammability and the burning behavior of the produced materials. Moreover, with the 

aim of investigating possible synergistic effects with conventional flame retardant 

additives, hybrid systems also containing magnesium hydroxide (MH) as an inorganic 

halogen-free flame retardant were also prepared and submitted to the same tests for 

comparison. 
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2. Experimental 

2.1 Materials 

The polymer matrix was an anhydride modified low density polyethylene (LDPE), 

(Tymax GT1057, M.I. = 7.5 g/10 min at 190°C/2.16 kg, 0.01 wt% of maleic anhydride 

grafted), supplied by Westlake Chemical. 

The conventional flame retardant was magnesium hydroxide (MH) Magnifin H-5 A 

(Albemarle, Baton Rouge, LA, USA), with a particle size distribution of D50 = 1.4 – 

2.0 microns. 

The clay used as a nanofiller was a natural sodium montmorillonite (MMT) 

functionalized with (3-glycidyloxypropyl)trimethoxysilane (GOPTMS), the structure of 

which is shown in Figure 1. The MMT, with a specific surface area (N2, BET) of 760 

m
2
/g and cationic exchange capacity (CEC) of 92 meq/100 g, was purchased from 

Altana-BYK. The GOPTMS (MW = 236.34 g/mol) was supplied by Sigma-Aldrich. All 

the other chemicals were of reagent grade and were used as received. 

 

2.2 Preparation of organosilylated clay 

The preparation of the organosilylated clay was performed according to the procedure 

reported by Chen et al. with a minor modification [25]. A calculated amount of 

organosilane was hydrolyzed for 4h at pH 3.0-4.0 in 200 mL of a solution of acetic acid 

in ethanol/deionized water mixture (90/10 wt/wt); the clay (10 g) was added and the 

mixture was then heated for 20 h with reflux at 50-90°C. The solution was diluted five 

times with ethanol to remove the soluble homocondensates, then was filtered, rinsed 

three times with 100 ml ethanol at room temperature and dried in a vacuum oven at 

90°C for at least 48 h. The resulting product, referred below as SC1, was characterized 
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by Fourier transform infrared spectroscopy, X-ray diffraction and thermogravimetric 

analyses in order to verify the effectiveness of the functionalization and to determine the 

clay interlayer spacing and the amount of silane grafting, as reported in the Results and 

Discussion section. 

 

2.3 Processing 

Hybrid LDPE-based systems with different percentages of SC1 and MH added were 

produced by melt compounding, using a twin-screw extruder (Dr. Collin GmbH - ZK 

25–48D) with co-rotating intermeshing screws (Dscrew = 25 mm, L/D = 42) and a 

volumetric feeder. A screw speed of 250 rpm and a temperature profile (from hopper to 

die) of 130-190-210-220-230°C were used. The strands of extruded materials were 

cooled in a water bath at approx. 15°C and a strand pelletizer (Dr. Collin GmbH CSG 

171/2) used to produce pellets of suitable size for characterization. Before processing, 

all the materials were dried for 16 hours in oven under vacuum at 80°C, in order to 

prevent bubble formation and polymer degradation phenomena during extrusion. 

LDPE was processed under similar melt compounding conditions. The compositions of 

the investigated materials are listed in Table 1. 

 

2.3 Characterization 

X-ray diffraction (XRD) patterns were obtained by an automatic Bruker D8 Advance 

powder diffractometer, operated at 35 kV and 40 mA, in reflection mode, using nickel-

filtered Cu Kα radiation ( =1.5418 Å) at a scanning rate of 0.2 deg/min. The d001 

spacings of clays were calculated from Bragg’s law, i.e. n  = 2d sin , where n is an 

integer and is equal to 1 for the first-order 001 x-ray reflection. 
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FT-IR measurements were carried out with a Nexus ThermoNicolet spectrometer 

equipped with a SmartPerformer accessory for attenuated total reflection (ATR) 

analysis. The spectra were collected on the samples in the frequency range 4000-400 

cm
-1

 at 2 cm
-1

 spectral resolution and 64 scans were co-added. 

The thermogravimetric analysis (TGA) of SC1 was carried out using a Shimadzu TGA-

50 instrument to quantitatively determine the degree of grafting and yield as well as the 

thermal stability. The samples were heated from 40°C to 900°C at a heating rate of 

20°C/min under nitrogen flow (50 ml/min). 

The amount of grafted and intercalated aminosilanes was calculated using the following 

relationship [26]. 

Amount of grafted silane (meq/g)=  eq. (1) 

where W200-600 corresponds to the mass loss between 200°C and 600°C and M (g/mol) is 

the molecular weight of the grafted silane molecules. The percentage that is grafted, 

which corresponds to the percentage of organic aminosilane moieties in the total 

inorganic mass, was calculated as follows: 

Amount of grafted silane (%) =  eq. (2) 

The TGA of LDPE and LDPE composites with SC1 and MH was measured on a 

Netzsch TG 209 ASC F1 Iris (Netzsch, Selb, Germany). Samples of approx. 10 mg in 

mass were heated from 30 to 900 °C in an inert atmosphere (nitrogen flow of 

30 mL/min) with a heating rate of 10 °C/min. 

Accelerated thermo-oxidative decomposition tests of the SC1 clay were carried out, 

exposing the samples incorporated in KBr disks for up to 8 h at 230°C in an air 

ventilated oven and evaluating the changes in their FT-IR spectrum over time. 

3
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Differential scanning calorimetry (DSC) measurements were performed with a Mettler 

DSC 822 calorimeter. The thermograms of 8 to 12 mg samples were obtained, sealed in 

standard aluminum pans, and the materials heated at 50°C/min from -50°C to 200°C 

under a nitrogen gas purge. The percentage of crystallinity (Xc) (corrected for filler 

content) was evaluated as the ratio of the melting enthalpy of the sample to the melting 

enthalpy of a 100% crystalline PE sample (293 J/g) [27]. 

The limiting oxygen index (LOI) was determined according to DIN EN ISO 4589-2 on 

bars of 125 mm × 6.5 mm × 3 mm, using an apparatus by Fire Testing Technology 

(FTT, East Grinstead, UK). 

The UL 94 classification was determined by applying IEC 60695-11-10 to bars of 

125 mm × 13 mm × 3 mm. 

Investigation of the burning behavior under forced flaming conditions was carried out 

on a cone calorimeter by FTT according to ISO 5660. The samples 100 mm × 100 mm 

× 3 mm in size were irradiated with 50 kW/m
2
 at a cone heater-specimen distance of 35 

mm. Such a moderate distance delivers some advantages for measuring deforming 

materials without significantly changing the heat flux [28,29]. In particular, the area of 

constant heat flux and the reduction to the edges of the specimen are still similar to 

standard measurements at 25 mm distance. The materials were measured in duplicate 

when the results showed no deviation above 10% in any characteristic; otherwise three 

measurements were performed. 
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3. Results and Discussion 

3.1 Characterization of SC1 clay 

In order to verify that the layered sodium montmorillonite was successfully modified 

with (3-glycidyloxypropyl)trimethoxysilane and to fully characterize the starting 

material, the functionalized clay SC1 was submitted to XRD, FT-IR and TGA analyses. 

Figure 2 reports the XRD profile of SC1, together with that of the original MMT for 

comparison. The graph shows that the peak of SC1 was shifted to a smaller angle (2θ = 

6.35 deg) than that of MMT (2θ = 9.15 deg), demonstrating that, under the experimental 

conditions chosen, the adopted organosilylation procedure produced an enlargement of 

the d001 interlayer spacing of the clay, which shifted from 0.97 nm to 1.39 nm. 

The ATR FT-IR measurements confirm the organosilylation of the original clay, as is 

revealed in the spectra of MMT, SC1 and GOPTMS compared in Figure 3. Both the 

MMT and SC1 spectra are characterized by -OH absorption bands at ca. 3626 cm
-1

, due 

to stretching vibrations of Al-OH and Si-OH, and at ca. 3440 cm
-1

 and 1640 cm
-1

, due 

to stretching and bending vibrations of the interlayer water. The broadness of these 

signals is a consequence of the contributions of several structural -OH groups naturally 

occurring in the nanoclay. The strong signal at ca. 1040 cm
-1

 marks the stretching of Si-

O groups, and the bands in the 600-400 cm-1 region show the bending vibrations of Si-

O and Al-O. As regards the condensation reaction of the hydroxyl groups on the clay 

surface with the GOPTMS organosilane, the intensity of all these bands is lower in the 

modified clay. In addition, some new bands appear in the spectrum of SC1 clay, which 

belong to the organic part of organoclays: the CH2 and CH3 stretching vibrations at ca. 

2925 cm
-1

 and 2883 cm
-1

, respectively, and the C=O stretching at 1726 cm
-1

, which can 

result from the opening reaction of the epoxy group of GOPTMS. 
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The TGA, the results of which are reported in Figure 4, allowed determination of the 

initial decomposition temperature (Tonset) of SC1, its temperature at the maximum rate 

of weight loss (DTmax), and the residual masses used to calculate the amount of grafted 

silane. The weight loss curve and the corresponding derivate curve show that SC1 

displays two main decomposition intervals, one in the range of 200-600°C 

corresponding to the decomposition of the organosilane, the other in the range from 

600°C to 900°C, corresponding to the dehydroxylation of aluminosilicate groups [30]. 

The Tonset was 320°C and the DTmax was 357°C; both values are significantly higher 

than those for most commercial montmorillonites modified with alkylammonium salts 

and are evidence for the high thermal stability of the SC1 organosilylated clay, which is 

crucial for its use in the melt compounding of many polymers (such as HDPE, nylon, 

TPU, etc.) requiring high processing temperatures, as well as for the nanocomposite 

properties and long term performance [30,31]. The amount of grafted organosilane, 

calculated according to eqs. 1 and 2, was 0.331 meq/g, corresponding to 7.82 wt%. 

In order to assess the thermo-oxidative stability of the new SC1 clay, accelerated 

thermal decomposition tests were performed to expose it for different time intervals to 

230°C, which is the highest temperature used in the processing of LDPE-based systems. 

The effects of the aging time (up to 8 h) on the ATR FT-IR spectrum of the sample are 

shown in Figure 5. The decrease in the -OH absorption bands (stretching at ca. 3454 cm
-

1
 and bending at ca. 1640 cm

-1
) indicates that the SC1 clay progressively loses the water 

contained in the interlayers, as expected. In contrast, the peaks due to the CH2 and C=O 

stretching vibrations at around 2900-2800 cm
-1

 and 1729 cm
-1

 remain essentially 

unchanged after 8 h of thermal oxidation, indicating that the GOPTMS organic modifier 

is stable in the adopted aging conditions. 
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3.2 Characterization of LDPE-based systems  

With the aim of obtaining information about the morphology developed during the 

process, all of the melt compounded LDPE-based systems with SC1 and MH added 

were submitted to XRD analysis. 

Figure 6 compares the XRD profiles, in the range of low scattering angles, of SC1 

organoclay and LDPE-based nanocomposites with different percentages of SC1 clay. 

The graph clearly shows that the original peak of SC1 is completely absent in the 

diffraction patterns of the LDPE/2SC1, LDPE/5SC1 and LDPE/8SC1 samples, 

demonstrating that the clay is dispersed on a nanometric scale in these systems. By 

contrast, the SC1 peak position remains almost unchanged in the LDPE-based hybrids 

that also contain MH at high loading levels (50 wt% and 55 wt%). It is proposed that 

MH, due to its hydrophilic nature, can establish stronger interactions through hydrogen 

bonding with SC1 than LDPE, thus promoting SC1 reaggregation and the output of the 

polymer chains from the clay galleries. It is well known, in fact, that the level of the 

interfacial interactions between the polymer and the nanofiller is a critical factor in 

determining the morphology and the equilibrium structure of a polymer/layered silicate 

nanocomposite system, as has been established in the literature [32-34]. In particular, 

theoretical and experimental studies have demonstrated that in the case of non-polar 

matrices like LDPE, the nanoscale dispersion of relatively polar clay lamellae is 

thermodynamically unstable; therefore, if the polymer is sufficiently fluid, the silicate 

layers tend to collapse as a result of the system melting [35]. 

All of the other small peaks in the XRD patterns of the LDPE/5SC1/50MH and 

LDPE/5SC1/55MH are related to MH. 
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Figure 7 compares the XRD profiles, in the scattering angle range from 10° to 40°, for 

all of the LDPE systems with different percentages of SC1 clay and MH. All of the 

patterns show the two principal crystalline reflections of interest in polyethylene at 

2theta of 21.5° and 23.8°, corresponding to the 110 and 200 crystallographic lattice 

planes, respectively, and the amorphous halo centered at 2theta of ca. 19.8°. Moreover, 

the other strong peaks in the patterns of the hybrids containing MH at 2theta angles of 

18.7° and 38.1° are related to the 001 and 101 crystallographic lattice planes of the 

mineral filler. It can be seen that the addition of increasing amounts of SC1 

progressively decreases the crystallinity of the LDPE, indicating that the nanoclay acts 

as a barrier against crystal growth, as reported for several polymer/layered clay 

nanocomposite systems [36]. A further reduction in crystallinity was found in the 

hybrid systems incorporating high percentages of MH (above 50 wt%), without altering 

the crystal structure of the LDPE. 

The lower degree of crystallinity in the filled samples compared to the neat LDPE was 

also confirmed by DSC measurements, as can be seen in Figure 8, which compares the 

heating thermograms and the thermal parameters of the LDPE, LDPE/5SC1 and 

LDPE/55MH samples, chosen as representative systems. 

 

3.3 Pyrolysis 

In order to investigate the effects of the SC1 and MH fillers on the thermal 

decomposition of the hybrid systems, TGA analyses in nitrogen atmosphere were 

carried out. The mass and mass loss rate are reported in Figure 9, and the onset 

temperature of decomposition (Tonset) and the temperature at maximum loss rate 

(DTmax), calculated from the mass loss rate curves, are listed in Table 2. 
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Figure 9 shows that in inert atmosphere the LDPE and the three LDPE/SC1 

nanocomposites at different SC1 loadings decompose in a single step over a relatively 

short temperature range (ca. 450-500°C). The main decomposition pathways are 

random chain scission and branching, which occur simultaneously, yielding a single 

mass loss step [37]. The Tonset values remain essentially unchanged with the addition of 

the SC1 nanoclay, whereas the DTmax ones shift to slightly lower temperatures (DT = 

4°C) for the nanocomposites at 5 wt% and 8 wt% of filler. Apart from the small 

increase in residue, in good approximation SC1 has no effect on the decomposition of 

LDPI. There is no stabilizing effect; if anything, the decomposition products enhanced 

the thermal decomposition of LDPE. The increase in residue corresponded to the 

amount of silicate incorporated. 

In contrast, all of the hybrid systems containing MH in the formulation decompose in 

two merging steps. The first one corresponds to the decomposition of MH, the second 

one is due to the polymer. Taking into account the large filling grades and the 

overlapping with the preceding decomposition step of MH, the effects on Tonset (- 22°C) 

and DTmax (-6°C) are small for LDPE/55MH, LDPE/5SC1/50MH, and LDPE/60MH. 

Nevertheless, the decrease in Tonset, which amounts to -31°C for LDPE/5SC1/55MH, 

may indicate some limited predamage of the LPDE due to high shear rates during 

processing. There is interaction between MH and SC1, as the combination of the two 

fillers in the hybrid formulation shifts the Tonset and DTmax of MH towards higher 

temperatures. All composites containing MH showed a substantial increase in residue 

(37-43 wt%) due to the remaining MgO. 

 

3.4 Reaction to small flame 
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In order to investigate the effects of the SC1 and MH fillers on the reaction to small 

flame of the LDPE-based hybrids, all of the systems were submitted to LOI and UL 94 

tests. The results are reported in Table 3. As expected, the addition of MH causes the 

LOI to increase considerably, from 17.5 vol% for LDPE to 33.0 vol% for the 

LDPE/60MH, thanks to a combination of several flame retardancy modes of action 

[38,39]. The formation of a heat-shielding MgO layer on the sample surface reduces the 

heat flux from the flame to the underlying material and reduces the flow of combustible 

gases from the pyrolysis zone to the flame. The reaction from MH to MgO cools the 

condensed phase, since it is endothermic and goes along with the vaporization of water. 

The water vapor in the gas phase also cools the flame and dilutes the combustible LDPE 

decomposition products. Thus a higher percentage of oxygen is necessary to sustain the 

candle-like burning in the LOI test. The SC1 nanoparticles alone also increase the LOI 

values, but the change is very small. Actually, it may be still within the margin of 

uncertainty. The LOI value rises only from 17.5 up to 18.6 vol% for the LDPE/8SC1 

system. The inorganic residue layer formed by the nanoclay on the surface is negligible 

protection against direct contact to a small flame applied in LOI and UL 94. The 

diminishing of flame retardancy effectiveness for low heat fluxes, and thus for LOI and 

UL 94, has been reported for several polymer/clay nanocomposites and was deduced as 

a general feature of nanocomposites in non-charring polymers [40-42]. The combined 

addition of SC1 and MH has an adverse effect on the LOI; at fixed MH content the LOI 

is lower when the SC1 clay is present in the formulation, demonstrating that no benefit 

was yielded by combining the flame retardant MH and the SC1 nanoclay during the 

burning of the LDPE-based hybrids. 
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At the filler loading levels considered in this work, neither MH nor SC1 yielded 

improvements in the UL 94 classification, which remained HB for all of the systems 

investigated. 

 

 

3.5 Burning behavior 

The burning behavior of LDPE with silylated clay SC1 and combinations of MH and 

SC1 under forced flaming conditions in the cone calorimeter are presented in Figure 10 

and Table 4. LDPE presented a heat release rate (HRR) curve typical for thermally thin 

or intermediately thin non-charring materials, with a steady increase in HRR after 

ignition up to the peak HRR (PHRR) at the end of combustion [28]. The burning time 

was very short, the HRR pattern showed hardly any shoulder, and the PHRR with 

2676 kW/m
2
 was very high, all indicating thermally thin behavior. This interpretation of 

the HRR curve was confirmed by visual observation. The pyrolysis during burning 

involved nearly all LDPE material at once due to the complete melting of the polymer at 

the beginning of the test and the formation of a pool fire. The addition of 2 wt%, 5 wt% 

or 8 wt% of SC1 to LDPE decreased the time to ignition (TTI) with increasing filler 

content. In the literature, decreasing TTI has been reported for many layered silicate 

nanocomposites, and several reasons have been proposed to explain this phenomenon. 

In the investigated systems the surface catalysis of the oxidation of combustible 

volatiles and the reduction in convective heat transfer are two of the models proposed 

[43]. The latter phenomenon may be the most plausible, since it yields a consistent 

picture explaining both the earlier ignition and the somewhat hindered formation of the 

pool fire. The TTI of LDPE/SC1 nanocomposites decreased with increasing SC1 
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content by 9s (2 wt% filler), 15s (5 wt%), and 17s(8 wt%). The PHRR of LDPE/SC1 

nanocomposites decreased with increasing SC1 content by 13% (2 wt% filler), 22% 

(5 wt%) and 32% (8 wt%), respectively. Despite the formation of residue agglomerates 

consisting of SC1, LDPE/SC1 composites still presented pool-like fire and non-charring 

burning behavior even with higher SC1 content. SC1 residue agglomerates were not 

able to adhere to each other and to form a stable protection layer on top of the sample 

plate due to the convection of molten LDPE and bubbles of volatiles bursting on the 

polymer surface (Figure 11a). This observation contrasts with what is usually known for 

analogous approaches, which yield successful, well-dispersed nanocomposites with 

layered silicates, carbon nanotubes or graphene materials. There, the increasing content 

of nanofillers hindered the movement of the polymer through increased melt viscosity, 

uniform and stable residues were obtained to work as a protection layer [8,40,44,45], 

and the reduction of PHRR was 50 up to 75% [8,40,41,46-48]. Thus both the measured 

reduction and visual observation indicated that the LDPE/SC1 nanocomposites did not 

exploit their full potential. One hypothesis to explain the limited reduction may be 

thermally induced agglomeration. For layered silicate/epoxy nanocomposites the 

opposite behavior was reported: better performance than expected based on delaminated 

but limited dispersed clay layers [50], and explained by the thermal decomposition of 

the matrix enabling exfoliation. The study proved that the timescale was short enough to 

change the state of exfoliation during pyrolysis. The nanodispersion at room 

temperature is only a prerequisite for the superior residue formation taking place during 

pyrolysis. For the LDPE/SC1 nanocomposites investigated, unfortunately, 

agglomeration induced by thermal decomposition can be proposed in the liquid state, 

caused by the decomposition of silane 120°C before the polymer decomposition. A 
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second alternative explanation may be that the overall dispersion of the layers was not 

as good as assumed. Strictly speaking, the disappearance of the SC1 interlayer distance 

peak in the X-ray diffraction patterns in Figure 6 for LDPE/SC1 nanocomposites 

indicates the delamination of the clay layers, but not their exfoliation in terms of both 

delamination and dispersion. Actually, the intensity of the scattering angle between 2.5° 

and 4.5° may indicate such an inhomogeneous distribution over the specimen for 

LDEP/2SC1 and LDEP/5SC1. Due to an exclusive flame retardancy mechanism in the 

condensed phase by residue formation, with the addition of SC1 to LDPE the effective 

heat of combustion of volatiles – total heat evolved THE / total mass loss TML – 

remained constant at 4.4 MJ/m
2
*g. 

 

The HRR of MH-filled LDPE and SC1/MH-filled LDPE are shown in Figure 10b. The 

mineral filler MH in LDPE reacted to MgO and water vapor upon heating, the 

endothermic reaction led to a heat sink in the condensed phase, and the released water 

vapor cooled the gas phase and diluted the combustible volatile / oxygen mixture 

[38,39]. The time to reach ignition temperature increased from 49s for LDPE to 84s for 

LDPE/MH composites. The remaining MgO formed a residue layer shortly after 

ignition, reducing the incoming net heat flux to the pyrolysis front and decelerating 

specimen heating, polymer pyrolysis and volatile mass flow through its closed surface, 

stable structure and microscopically strong adhesion of agglomerates as seen in Figure 

11b. This leads to a burning behavior of LDPE/55MH and LDPE/60MH typical for 

charring, thermally thick materials [28]. In particular, compared to LDPE the typical 

main features of the changed burning behavior emerged. The PHRR at the end of 

burning nearly vanished and a strongly by 90% reduced PHRR occurred at the 
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beginning of burning. The initial increase in HRR is followed by a more plateau-like 

HRR during combustion and accompanied by a prolonged burning time. The fire load 

of the material is presented by the total heat evolved (THE), which is the integral of the 

heat release. In LDPE/MH composites, less combustible material is available due to the 

replacement of LDPE by MH, and thus the fire load of LDPE/55MH and LDPE/60MH 

was reduced compared to LDPE. The fire residue equaled the expected yield for MgO. 

The decrease in THE/TML from 4.4 MJ/m
2
g for LDPE to 3.0 MJ/m

2
g and 2.8 MJ/m

2
g 

for LDPE/MH is a result of dilution by non-combustible water vapor release 

contributing to the mass loss, but not to the THE.  

In LDPE/SC1/MH composites, MH was replaced by 5 wt% of organosilylated clay, 

resulting in the compositions LDPE/5SC1/50MH and LDPE/5SC1/55MH. The 

LDPE/SC1/MH composites behaved like charring, thermally thick materials similar to 

LDPE/MH composites. However, the overall HRR as well as the PHRR of 

LDPE/5SC1/50MH and LDPE/5SC1/55MH were slightly higher than for the 

corresponding LDPE/55MH and LDPE/60MH, respectively (Figure 10b). Actually the 

LDPE/5SC1/55MH shows very similar behavior to LDPE/55MH. Adding SC1 failed to 

add a significant flame retardancy effect. Regarding the surface of the fire residue, the 

macroscopic structure appeared more uniform, indicating an improvement of the 

protection layer through the replacement of MH by SC1 (Figure 11c). But on the 

microscopic scale, the MgO agglomerates in the residue appeared to be less adhered to 

each other, and the residue was also less stable and crumbly while handling. The fact 

that a deteriorated microscopic structure overcompensates for an improved macroscopic 

structure has been previously reported for the combination of layered silicate and 

ceepree glass [15]. Here, it was an unexpected result, as nanofillers – especially layered 
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ones – are known to enhance the residue quality in many different systems, and 

particularly to improve burning behavior when combined with metal hydroxides [17-

20,50]. In the case of the LDPE/SC1/MH composites, the interlayer distance peak of 

SC1 was observed in the XRD diffraction pattern. Therefore, the silicate layers of SC1 

are supposed to remain in stacks, which results in insufficient particle dispersion of SC1 

in the composite. The decreasing quality of the LDPE/SC1/MH fire residue structure 

reduced the protection layer efficiency of MH/SC1 and most probably led to the 

increase in HRR. By replacing 5 wt% MH with 5 wt% SC1, less water vapor from the 

thermal decomposition of MH was available to dilute the gas phase. So the effective 

heat of combustion increased, for example from 3.0 MH/m
2
·g for LDPE/55MH to 

3.3 MJ/m
2
·g for LDPE/5SC1/50MH. 

 

4. Conclusions 

The study focused on the development of a new LDPE nanocomposite system produced 

by melt compounding of the polymer with three different percentages of a 

montmorillonite-based nanoclay, which was previously modified with (3-

glycidyloxypropyl)trimethoxysilane. Based on the small angle x-ray diffractograms, the 

resulting hybrids are intercalated, exfoliated nanocomposites. Their potential in flame 

retardancy applications was investigated, analyzing their thermal stability, flammability 

and burning behavior, and the results compared with those for hybrid systems 

containing MH as an inorganic flame retardant, in order to check for possible 

synergistic effects between the silylated nanoclay and conventional flame retardant 

additives. 
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Although the organosilylated filler was dispersed on a nano-scale, it was demonstrated 

to be essentially ineffective in hindering the thermal decomposition of LDPE. Their 

flame retardancy effect is typical for nanocomposites with layered silicate, but less 

efficient than the flame retardancy reached in comparable systems. Moreover, the 

simultaneous presence of MH in the blends adversely affected the system morphology, 

promoting reaggregation of the organoclay layers. As a consequence, compared to the 

binary LDPE/MH systems, when replacing MH the ternary LDPE/MH/organoclay ones 

showed deterioration in the reaction to small flame and the quality of the protective fire 

residue.  

Granting the systems investigated the freedom to behave as they wanted, this study 

obviously did not achieve its goals with respect to the fire performance achieved. The 

straightforward approach to combining layered silicate with metal hydroxide did not 

show the benefits it has in comparable systems. Thus this story teaches us how close to 

failure some of the successful nanocomposite systems proposed are, and how far away 

these nanotechnologies still are from becoming easy drop-in technologies.  
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Table 1. Composition of the investigated LDPE-based systems with SC1 

(organosilylated clay) and MH (magnesium hydroxide) added. 

 

Sample LDPE (wt%) SC1 (wt%) MH (wt%) 

LDPE 100 - - 

LDPE/2SC1 98 2 - 

LDPE/5SC1 95 5 - 

LDPE/8SC1 92 8 - 

LDPE/55MH 45 - 55 

LDPE/60MH 40 - 60 

LDPE/5SC1/50MH 47.5 2.5 50 

LDPE/5SC1/55MH 42.75 2.25 55 

 

 

Table



 

 

Table 2. Initial degradation temperatures (Tonset), temperatures of maximum rate of weight loss (DTmax), mass loss (ML) at the transition of 

both steps and residue at 800 °C of the LDPE and of LDPE/SC1 nanocomposites at different percentages of SC1 clay and magnesium 

hydroxide (MH). 

 

Sample LDPE 

LDPE/

2SC1 

LDPE/

5SC1 

LDPE/

8SC1 

LDPE/

55MH 

LDPE/ 

60MH 

LDPE/ 

5SC1/50MH 

LDPE/ 

5SC1/55MH 

Pre-step Tonset (°C)     362 362 371 366 

 DTmax (°C)     402 400 418 412 

Main step Tonset (°C) 454 454 453 454 435 433 429 423 

 DTmax (°C) 477 476 473 474 471 472 470 463 

 Residue (wt%) 0 1.5 3.7 5.9 39.4 42.8 36.8 39.6 

 

 

 



 

 

 

Table 3. Limiting oxygen index (LOI) for the LDPE-based systems with different percentages of SC1 organosilylated clay and magnesium 

hydroxide (MH) added. 

 

Sample LDPE 
LDPE/ 

2SC1 

LDPE/ 

5SC1 

LDPE/ 

8SC1 

LDPE/ 

55MH 

LDPE/ 

60MH 

LDPE/ 

5SC1/55MH 

LDPE/ 

5SC1/50MH 

LOI (vol%) 17.5 18.3 18.3 18.6 31.9 33.0 29.3 28.6 

UL 94 HB HB HB HB HB HB HB HB 

 

 

 

 



 

Table 4. Cone calorimeter (50 kW/m
2
) burning behavior data of LDPE, LDPE/SC1, LDPE/MH and LDPE/MH/SC1 composites 

 

Sample LDPE 
LDPE/ 

2SC1 

LDPE/ 

5SC1 

LDPE/ 

8SC1 

LDPE/ 

55MH 

LDPE/ 

60MH 

LDPE/ 

5SC1/55MH 

LDPE/ 

5SC1/50MH 

TTI (s) 49 40 34 32 84 84 62 74 

PHRR 

(kW/m
2
) 

2672±107 2324±336 2089±215 1825±80 261±10 237±9 304±16 258±10 

RedPHRR (%)  13 22 32 90 91 89 90 

THE (MJ/m
2
) 113 ± 5 117 ± 5 112 ± 5 113 ± 5 78 ± 3 70 ± 3 86 ± 5 76 ± 3 

RedTHE (%)  0 0 0 31 38 24 33 

Residueexp 

(wt%)±1.0 
0 1.4 3 5 38.3 41.9 36.6 40.5 

THE/TML 

(MJ/(m
2
g)) 

4.4 4.4 4.3 4.3 3.0 2.8 3.3 3.0 

TTI (s) 49 40 34 32 84 84 62 74 
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