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Abstract
Filler dispersion is an important issue for polymer-based composites. 
Fillers can be dispersed by melt or solution processing methods. Solution-
based mixing offers various combinations including ultrasonication, 
mechanical stirring, or high shear mixing. Planetary high shear mixing 
is a simple method with high dispersion performance. Dispersion and 
wetting of the fillers are provided by not only planetary shear movement 
of the mixer but also by the decrease in viscosity of the polymer phase 
because of high shear. Although that is advantageous for the dispersion of 
nanofillers, it might be challenging for the particles that have morphology 
with loosely bonded layers. To observe the effects of high shear mixing 
on expanded vermiculite (VMT) filled styrene-[ethylene-(ethylene-
propylene)]-styrene (SEEPS) flexible composites, two different VMTs were 
used with different particle sizes at various VMT ratios from 1 to 30 wt%. 
Morphological, structural, thermal, mechanical properties, flame spread 
character of the composites, and viscosity of the solutions were analyzed. 
From morphological analysis, high shear mixing was found to be effective 
in terms of decreasing particle size and filler dispersion. While mechanical 
properties showed decrease, thermal stability, and flame retardancy of 
the composites increased.
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Introduction
Styrene-[ethylene-(ethylene-propylene)]-styrene 
(SEEPS) is a styrenic thermoplastic elastomer 
(TPE). Basically it is a block copolymer with rigid 
styrene blocks and elastomeric ethylene-(ethylene-
propylene) blocks. Styrene blocks function as hard 
segments those form physical cross-linking centers 
between elastomeric phase.1–3 Because of so called 
physical-crosslinks, SEEPS is highly flexible with 
good recoverability and resilience those make  
it a promising material for various applications.  
It should also be mentioned that SEEPS is one of 
the most durable styrenic TPEs in terms of its high 
UV, weathering, and aging resistance. In addition 
to these, its high tensile strength, tensile strain and 
toughness make it unique for many applications 
including household appliances, adhesives, 
coatings, automotive parts.1–3 It can be used as 
a compatibilizer4,5 or a modifier6,7 for binary or 
ternary blends with polypropylene (PP),8 polyamide 
(PA),9,10 polyethylene terephthalate (PET),11  
PP/polystyrene (PS),6,7 PP/ground tire rubber.4  
In most of these studies, SEEPS amount and type 
were found significant in terms of blend properties. 
PP/SEEPS blends were reported to show lower 
elastic modulus and yield stress with higher level 
of tensile strain compared to PP.8 Weng et al., 
studied the rheological properties of the PA/SEEPS 
blends, and SEEPS ratio was found significant in 
terms of behavior and morphology.9,12 In addition to 
binary blends, ternary blends of SEEPS were also 
reported in the literature. Lin et al. prepared recycled 
PET/SEEPS blends and investigated the addition 
of (maleic anhydride)-grafted-styrene-ethylene-
butylene-styrene (SEBS-g-MAH) at different ratios on 
rheological, morphological, mechanical properties. 
As reported in the study, SEBS-g-MAH incorporation 
improved morphological, mechanical, rheological 
properties.11 In another study, SEEPS was used as 
an interfacial modifier for PP/PS blends to fabricate 
membranes. PP/PS/SEEPS ratio, processing 
route, and conditions were found important for the 
membrane properties.6,7 Application of SEEPS as 
a compatibilizer for PP/ground tire rubber blend 
was also investigated by Lu et al. Although various 
compatibilizers were used in the study, SEEPS was 
reported to show the highest performance for the 
interface properties between two phases.4 In addition 
to SEEPS blends, there are couple of studies 

about the characterization of SEEPS mixtures with 
various oils.13–15 From the recent literature given 
above, it is obvious that SEEPS is mostly used as 
a component of the polymeric systems. However, 
it can be used alone for the fabrication of fine 
fibers,16 conductive polymer composites,17 pressure 
sensors,17 magnetorheological composites18 with18 
or without extenders.16,17 Polymeric composites are 
materials with improved properties those consist  
of at least one matrix and one filler. Incorporation of 
filler into the matrix leads to fabrication of functional 
materials. Various composites can be prepared from 
various sources.19–23

Vermiculite (VMT) is a multilayered natural inorganic 
material. Because of its nature, its content and 
structure might change based on the region 
and conditions. Depending on the structure and 
composition, various properties including density, 
hardness, delamination resistance, color, refractive 
index can change.24–26 One of the most promising 
properties of VMT is its expandable structure results 
in an accordion-like porous particle morphology.  
This form of the VMT is called expanded vermiculite. 
As a result of expansion, distance between layers, 
porosity, surface area, and thermal resistance 
increase, density decreases and VMT becomes 
an important sustainable alternative filler for 
polymer composites. However, expanded layers 
are loosely bonded with low layer-layer interaction 
negatively affects the mechanical properties of 
VMT and it becomes sensitive to applied force 
including shear and compression. In order to make 
this disadvantage into an advantage, expanded 
vermiculites can be powdered by various methods 
in order to obtain different grades. By doing this 
size of the vermiculites can be tuned from couple 
of milimeters to nanometers.24,26 In addition to this 
study, particle size was reported to be affected 
by processing conditions.25 In order to investigate 
effects of processing conditions, two different VMT 
particles were used at various concentrations 
from1-30 wt % with SEEPS matrix. Samples were 
prepared by a solution based high shear mixing 
and compression molding. Morphological, structural, 
thermal, mechanical properties, flame spread 
character of the composites and viscosity of the 
solutions were analyzed as a function of VMT type 
and concentration.
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Material and Methods
Materials
Styrene-[ethylene-(ethylene-propylene)]-styrene 
block copolymer with 30% styrene content was used 
(SEPTON 4033, Kuraray Co Ltd.) as the matrix. 
Toluene (Merck) was used as the solvent. The 
raw VMT, with an average grain size of 250 mm, 
was kindly supplied from Karbosil Kimya Li. Co., 
Turkey. The company reported the wt% content of 
the VMT as: SiO2 38-46, Al2O3 10-16, MgO 16-35, 
CaO 1-5, K2O 1-6, FeO3 6-13, TiO2 1-3, H2O 8-6, 

others 0.2-1.2. To obtain expanded VMT, a tube 
furnace (OTF-1200X, MTI) was used. The tube 
furnace was heated up to 900 ˚C after that sample 
was put into the furnace and kept at this temperature 
for 30 minutes. After this process, expanded VMT 
was powdered by using a mortar and a pestle. The 
samples were sieved and two different VMTs were 
obtained, and samples named as VMT-1 and VMT-2. 
As given in Fig. 1a and c, VMT-1 and VMT-2 had the 
average particle size value of 299.5 µm and 551.6 
µm, respectively before the sample preparation.

Fig. 1:Particle size distribution histogram of a) VMT-1, b) VMT-1 particles in composites 
(inset:d80), c) VMT-2, d) VMT-2 particles in composites (inset:d65), A:Avarage particle size 

(inset a, c: optical images of VMT-1 and VMT-2, respectively)

Preparation of the VMT/SEEPS Composites
The composites were prepared by combination  
of solvent casting and hot pressing. Before the 
process, VMT was dried in a vacuum oven (Wisd, 
WOV-20) for 15 h. at 80 °C. Toluene was used as a 
solvent and SEEPS, Toluene weight ratio was 1:3. 
Polymer was dissolved at 50 °C by a magnetic stirrer 
(Daihan MSH 20 D, 450 rpm). The weight % of the 
VMT was 1, 5, 10 and 20, 30 wt%. Preparation steps 
and digital images of the composites can be seen 

from Fig. 2. Since VMT has low density and high 
surface area with porous morphology, its interaction 
with the polymer might be challenging. To increase 
the interaction between VMTs and polymer and 
disperse the fillers homogeneously, a high shear 
mixer (Kurabo Mazerustar KK250, 1600 rpm) was 
used. Mixing was performed in two steps, in the 
first step VMT was mixed with the 2 g of solvent for 
a minute. In the second step, polymer solution was 
added and mixed under the same conditions.
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Fig. 2: Preparation steps and digital images of samples

Table 1: Sample codes, contents, viscosity and normalized viscosity values of the samples

Code	 SEEPS 	 Filler Type/ 	 Viscosity	 Normalized	 Tensile Strength 
	 Ratio	 Filler Ratio	 (cP)	 Viscosity	 (MPa)/Tensile 
	 (wt%)	 (wt%)		  (η/ηSEEPS,cP/cP)	 Strain (%)

SEEPS	 100	 -	 1454	 1	 11.88/750.68
1VMT-1	 99	 VMT-1/1	 1500	 1.03	 11.35/670.43
5VMT-1	 95	 VMT-1/5	 1650	 1.13	 11.06/644.20
10VMT-1	 90	 VMT-1/10	 1842	 1.26	 10.62/605.53
20VMT-1	 80	 VMT-1/20	 2061	 1.42	 10.04/585.10
30VMT-1	 70	 VMT-1/30	 2086	 1.43	 8.62/544.88
1VMT-2	 99	 VMT-2/1	 1634	 1.12	 9.80/679.08
5VMT-2	 95	 VMT-2/5	 1751	 1.2	 9.25/642.24
10VMT-2	 90	 VMT-2/10	 2463	 1.63	 8.89/627.69
20VMT-2	 80	 VMT-2/20	 2809	 1.93	 6.50/583.52
30VMT-2	 70	 VMT-2/30	 2832	 1.94	 5.22/501.71

VMT/SEEPS/Toluene mixtures were cast into the 
Petri dishes. Samples were kept in an oven (Wisd, 
WOV-20) at 45 °C for 15 h to dry. In the next step 
solvent was further removed under vacuum at 80 °C 
for 15 h. To obtain homogeneous film morphology 
and film thickness, cast films were removed from 
the Petri dishes and compression molded (Gulnar 
Machine Laboratory type dual stage press) between 
teflon coated plates at 200 °C for 15 sec under 3 MPa 
following that composites were left to cool down at 
25 ˚C for a minute.

Characterization of the Composites
Morphological Analysis
To determine the average particle size of the VMT-
1 and VMT-2 an optical microscope instrument 
(AmScope 40X-2500X LED) was used. Particle 
size distribution histograms were drawn based on 
the data obtained from by Image J. software. For 
the particle size, length and width of the particle 
were measured and average value was calculated.  
Field emission scanning electron microscopy 
(FESEM, 30 kV) was used for the analysis  
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of composite morphology. Composites were cut by  
a blade and Au/Pd alloy was used for the sputter  
coating (3-6 nm) on the sample cross-section  
before the analysis.

Viscosity
To observe the filler ratio and particle size on 
viscosity, VMT/SEEPS/toluene mixtures were 
analyzed by using Brookfield DV2T viscometer 
(USA). Sample weight was 7 g (5 g SEEPS/VMT/
Toluene + 2 g Toluene) and characterization was 
performed at a speed of 200 rpm with a spindle 
number of #5 at room temperature (25°C, 60% 
RH). For each mixture three measurements were 
performed, and average values were reported  
(Extra 2 g of toluene was added into SEEPS solution 
before the measurement 5 g SEEPS/Toluene + 2 
g Toluene). To compare the two sets, normalized 
viscosity (NV) was calculated from η/ηSEEPS, where η 
is the viscosity of the sample ηSEEPS is the viscosity 
of the SEEPS solution.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR analysis was carried out by the attenuated 
total internal reflectance (ATR mode) spectroscopy 
(Perkin Elmer, Spectrum 100 IR spectrometer). 
Spectra were recorded in the transmittance mode 
between 650 and 4000 cm−1, spectral resolution  
of 4 cm−1 at a scan rate of 4 scans.

Thermogravimetric Analysis (TGA)
To determine the thermal behavior of the SEEPS 
film and VMT/SEEPS composites, TGA analysis was 
carried out (Seiko, TG/DTA 6300) between 25 and 
500 °C. Temperature was increased with the rate of 
10 °C min−1 under 200 ml min-1 nitrogen flow rate.

Mechanical Characterization
Mechanical properties including tensile strength 
and tensile strain of SEEPS film, VMT-1/SEEPS 
and VMT-2/SEEPS composites were characterized 
by using a universal testing system (Devotrans,  
DVT GPU/RD). Samples were cut by a blade (length: 
width 15 mm: 5 mm). Before the test, the average 
thickness of the composites was determined by 
a thickness meter (Asimeto). Three tests were 
performed for each sample with the test speed  
of 100 mm/min.

Vertical Flame Spread Analysis
To compare the flame resistance of the samples, 

a simple flame spread analysis was performed. 
Samples were cut by a blade (length: 60 mm,width: 
10 mm). Tests were carried out at 25 ˚C under 65% 
relative humidity. A metal ruler was placed on a 
stand and samples were attached on the ruler by 
a metal paper clip. Metal ruler was used in order 
to monitor the spread of the flame as a function  
of time. To start the flame adjustable kitchen lighter 
was used with same setting for all samples. The test 
was recorded by the video camera and to compare 
the flame retardancy of the samples, at different time 
intervals the images were captured from the video.
 
Results & Discussion
Morphological Analysis
1, 10, 20VMT-1 and 1, 10, 20VMT-2 composites 
were analyzed in terms of their microstructural 
morphology by considering behavior of polymer, 
filler size, filler geometry, filler orientation, filler 
distribution, filler-matrix interaction. As given in 
the cross-sectional SEM images (Fig. 3), SEEPS 
was the continuous phase and completely molten 
under given processing conditions and behaved as 
the binder between VMT particles for both sets. By 
increasing the VMT ratio, amount of the filler in the 
cross-section increased regardless of the VMT type. 
Those can be also confirmed by the digital images 
of the composites in Fig. 2. As obvious from the 
images, film formation was obtained for all samples 
and by increasing the filler concentration, samples 
turned into darker shade of brown. As seen from 
all SEM images (Fig. 3), the filler size in VMT-2 
loaded composites were higher than VMT-1 loaded 
composites. As far as measured from the SEM 
images (Fig. 1b and d), approximate average size 
was determined as 35.8 and 53.1 µm for VMT-1 and 
VMT-2 loaded composites, respectively. However, 
the particle size observed in the composites 
were not same as in the particle size distribution 
histograms. As mentioned previously, before the 
sample preparation, average particle size values 
were determined as 299.5 and 551.6 µm for VMT-1 
and VMT-2, respectively. The decrease in particle 
size could be an indication of separation of VMT 
layers from the surface of the particles or breakdown  
of VMT particles and that was assumed to be caused 
by expanded VMT morphology and composite 
processing conditions. 
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As known, vermiculite has a multilayered morphology. 
During expansion process, morphology turns into a 
curved, accordion-like structure. The layers expand 
and loosely bind to each other. When the morphology 
of the VMTs is considered in the SEEPS phase, 
basically two different morphologies were observed. 
For both composites, multilayered, accordion-like 
large particles and a few layered small particles can 
be observed from Fig. 3 and 4.

As mentioned in the composite preparation, filler 
was dispersed both in the solvent and in the polymer 
solution by a planetary high-shear mixer. As observed 
previously27 and reported in the literature,28 high 
shear mixing led to change in the morphology of VMT 
particles. To observe such effects SEM images taken 
at higher magnifications were given in Fig. 4, and as 
obvious from the images, a few-layer thick sheets 
separated from the outer surface and dispersed in 

Fig. 3: SEM images of composites a) 1VMT-1, b) 10VMT-1, c) 20VMT-1 d) 1VMT-2, 
e) 10VMT-2, and f) 20VMT-2
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the SEEPS matrix regardless of the particle size. 
When the composites were analyzed in terms of 
filler orientation, particle morphology was found 
significant. While larger particles with multilayered 
morphology tended to align parallel to the film axis 
(Fig. 3), same behavior was not observed for a few 
layered VMTs (Fig. 4). The orientation of the larger 
particles probably caused by the fabrication method. 
As previously mentioned in the methods section, 
compression molding under 3MPa probably led 
to alignment of VMTs parallel to the film axis.29,30  
On the other hand, during high-shear mixing, smaller 
particles dispersed in the SEEPS matrix without any 
orientation and applied pressure was not sufficient 
for the dominant orientation. Fig. 4 can also be 
used to observe the filler-matrix interface and void 
formation for both fillers. As obvious from the images, 

loosely bounded outer layers of VMTs separated 
from the surface and formed a few layered VMTs 
and they were well-wetted and dispersed in the 
SEEPS matrix with a good interface. However, the 
inner body of VMTs could not interact with the matrix 
and voids were formed at the boundary between  
a few layered VMTs and inner body of VMTs. That 
was assumed to be caused by not only separation  
of a few layered VMTs but also processing conditions.
Under pressure and thermal energy, molten SEEPS 
matrix wetted the surface of VMT. When the pressure 
is removed, relaxation of SEEPS phase probably 
led to separation of loosely bonded outer layersand 
void formation (Fig. 4).The void content was found 
to be higher at higher filler loading.In addition  
to these, at higher filler loading, VMTs tend to  
form agglomerates.

Fig. 4:SEM images that show the few layer VMTs separated from the particle
a) 20VMT-1 at 2.5kx, b) 20VMT-1 at 10kx, c) 20VMT-2 at 2.5kx, and d) 20VMT-2 at 10kx
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Viscosity
Viscosity and normalized viscosity values of the 
samples can be seen from Table 1 and Fig. 5 as a 
function of VMT loading ratio.  As seen from Fig. 5, 
viscosity of the samples increased parallel with the 
filler ratio regardless of the VMT type. VMT restricted 
the flow ability of the polymer solution because  
of its rigid structure. The viscosity values of SEEPS, 
1, 5, 10, 20, 30VMT-1 were measured as 1454, 
1500, 1650, 1842, 2061, 2086 cP, respectively. 
The NV values were calculated as 1.03, 1.13, 1.26, 
1.42, 1.43 for 1, 5, 10, 20, 30VMT-1, respectively. 
The viscosity values of 1, 5, 10, 20, 30VMT-2 were 
measured as 1634, 1751, 2463, 2809, 2832 cP, 
respectively. The NV values were calculated as 
1.12, 1.2, 1.63, 1.93, 1.94 for 1, 5, 10, 20, 30VMT-

2, respectively. As obvious from the outcomes, 
in all cases VMT-2 filled samples showed higher 
viscosity. That was assumed to be caused larger 
particle size. However, while at 1 and 5 wt% filler 
loading, the viscosity values were close for VMT-1 
and VMT-2, the difference showed an increasing 
trend from 10 wt% filler loading. As given in Fig. 
5b, both sets showed percolative behavior in terms  
of viscosity change. However, VMT-2 filled set 
showed a drastic change in viscosity between 5 
and 10 wt% filling ratio that is defined as rheological 
percolation at which filler-filler interaction and 
resistance to flow increased. The highest viscosity 
values were obtained for 30VMT-1 and 30 VMT-2 
those showed around 43% and 94% increase in 
viscosity, respectively.

Fig. 5: a) Viscosity and b) normalized viscosity values of the samples

FTIR Analysis
FTIR analysis of the 10 and 20VMT-1/2 filled 
composites and SEEPS film can be seen from 
Fig. 6. FTIR peaks related with styrenic unit of 
styrene-[ethylene-(ethylene-propylene)]-styrene 
block copolymer can be seen at 697 and 756  
cm-1. These peaks were corresponded to bending 
aromatic ring of C-H. Also, the band between 1450 
and 1500 cm-1 was associated with stretching 
aromatic ring of C-C31. The peak at 1376 cm-1 was 
corresponded to symmetrical bending vibrations  
of –C-H (CH3). The peak observed at 2950 cm-1 
was an asymmetric stretching belonging to the CH3 
group, whereas CH3 observed at 1456 cm-1 had a 
symmetrical bending type peak of the repeating units 

of ethylene-(ethylene-propylene). The characteristic 
peaks related with asymmetric stretching vibrations 
of –C-H (CH2) can be seen at 2850 and 2920 cm-
132. Peaks between 800-1160 cm-1 were caused 
by peaks connected to the C-C groups of the block 
copolymer.27,32,33

Since results of the vermiculites were commonly 
similar, only one infrared spectrum was given as 
VMT-1/2. Vermiculite showed a few weak to medium 
intensity bands, and their positions vary with the 
amount of inorganic content distribution accordingly. 
All VMT/SEEPS composites showed similar trend, 
but the width of Si-O band was different in various 
specimens possibly due to the difference in the 
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range of their particle size distribution. In addition to 
that, for VMT/SEEPS composites, as shown in the 
inset image, characteristic transmission % intensity 

between 900–1100 cm-1 was observed to increase 
parallel with the concentration and particle size  
of VMT.34,35

Fig. 6: FTIR results of VMT, SEEPS and VMT/SEEPS composites

Fig. 7:a) TGA and b) DTG curves of the SEEPS film, 10, 20VMT-1, and 10, 20VMT-2 composites

Thermal Gravimetric Analysis 
Thermal degradation behavior between 25-500 ˚C 
for the SEEPS film and composites can be seen in 
Table 2 and Fig.7. SEEPS showed thermal stability 

up to 400 ˚C. As given in Table 2, T10%and T50% 
values were determined as 416 ˚C and 439 ˚C, 
respectively. The char % was determined as 1.5. 
As known, vermiculite is a thermally stable mineral 
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that can stand high temperatures.27 Based on this 
fact, it was expected to observe increase in thermal 
stability after addition of VMTs into the SEEPS. 
Regardless of the VMT type, thermal stability and 
char yield increased. At 20 wt% VMT concentration 

stability and char yield was higher compared to 10 
wt% VMT filled composites. No significant difference 
was observed between VMT-1 and VMT-2 in terms 
of their contribution to thermal stability.  

Table 2: Thermal degradation behavior of the SEEPS film and VMT/SEEPS composites

Sample	 T10%	 T50%	 Tmax degredation	 Weight Loss 	 Char Yield
	 (°C)	 (°C)	 (°C)	 Tmax degredation (%)	 (%)

SEEPS	 416.37	 439.85	 445.22	 61.73	 1.47
10wt%VMT-1/ SEEPS	 418.37	 445.92	 447.95	 54.19	 12.59
10wt%VMT-2/ SEEPS	 418.48	 444.48	 447.85	 56.76	 8.89
20wt%VMT-1/ SEEPS	 422.50	 450.01	 448.36	 46.50	 22.51
20wt%VMT-2/ SEEPS	 422.06	 449.98	 448.98	 47.92	 21.1

Mechanical Characterization
Tensile stress-strain graphs of SEEPS film and 
composites can be seen from Fig. 8 and averaged 
values can be seen from Table 1. The tensile strength 
of SEEPS, 1, 5, 10, 20, 30VMT-1 were measured 
as 11.88, 11.35, 11.06, 10.62, 10.04, 8.62 MPa, 
respectively. Increase in VMT-1 loading ratio led 
to decrease in tensile strength. Parallel with this 
conclusion, VMT-2 loaded composites also showed 
decreasing trend in terms of tensile strength. The 
values were determined as 9.80, 9.25, 8.89, 6.50, 
5.22 MPa for 1, 5, 10, 20, 30VMT-2, respectively. 
Although both VMTs led to decrease in mechanical 
resistance to break, VMT-2/SEEPS composites 
showed lower values compared to VMT-1/SEEPS 
composites. That kind of response probably caused 
by filler-matrix interaction as explained in morphology 
analysis section. During film formation, samples 

exposure to thermal energy and compressive force 
to melt SEEPS matrix. Although, molten SEEPS 
wetted the surface of VMTs, after the removal  
of compressive force, relaxation of SEEPS phase 
probably led to separation of loosely bonded, a few 
layered outer layers from the VMT body (Fig. 4).  
As a consequence of that, filler-matrix interface and 
mechanical resistance to break were negatively 
affected. That was also reflected as a decrease in 
strain at break values as shown in Fig.9. Regardless 
of the VMT type, increase in VMT concentration led 
to decrease in tensile strain values. SEEPS, 1, 5, 10, 
20, 30VMT-1 had tensile strain values as 750, 670, 
644, 605, 585, 544 %, respectively. The tensile strain 
values of 1, 5, 10, 20, 30VMT-2 were measured 
as 679, 642, 627, 583, 501 %, respectively. Unlike 
in tensile strength, no significance difference was 
observed between two sets.

Fig. 8:Stress strain graphs of a) VMT-1/SEEPS and b) VMT-2/SEEPS composites
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Fig. 9: Tensile strength and tensile strain values of the composites as a function of filler ratio

Vertical Flame Spread Analysis
Vertical flame spread analysis is a simple way 
of observing flame resistance of the materials. 
SEEPS is a hydrocarbon-based styrenic block 
copolymer with high flammability. In this work, flame 
was started, and tests were recorded by a video 
camera (Supplementary material, Video 1) and to 

compare the flame spread behavior of the samples, 
images were captured for 5, 10, 30VMT-1 and 5, 
10, 30VMT-2 composites at different time intervals 
based on their performance. As shown in Fig. 10, 
by increasing the VMT ratio, flame resistance of the 
samples increased for both sets.

Fig. 10:Flame spread test results for 5, 10, 30VMT-1, and 5, 10, 30VMT-2
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The samples were evaluated in terms of burning 
behavior, time required for complete burning and 
residual char morphology. The digital images  
of samples before and after test were given  
in Fig. 11. For SEEPS film, thermal degradation and 
melting took place together as in thermoplastics and 
dripping of the residual char/molten polymer mixture 
was observed. SEEPSfilm shrank vertically as soon 
as test started. Burning completed around 20 sec. 
and residual char was a black rigid solid as given 
in Fig. 11. Similar burning behavior was observed 
for 1, 5VMT-1 and 1, 5VMT-2 samples. However, 
5VMTs showed slower shrinkage, and bended during 
burning test. The burning stopped after 43 and 33 
sec. for 5VMT-1 and 5VMT-2, respectively. Residual 

char was foamy rigid solid. 10VMT-1 and 10VMT-
2 showed less dripping and less shrinkage and 
bending compared to 5VMTs. The required time for 
complete burning was 49 and 99 sec. for 10VMT-1 
and 10VMT-2, respectively. Residual char showed 
higher porosity compared to 5VMTs. 20, 30VMT-1 
and 20, 30VMT-2 showed almost best performance 
in terms flame retardancy. For 30VMTs both films 
showed high thermal dimensional stability and 
less dripping. The total time was 144 and 100 sec.  
for 30VMT-1 and 30VMT-2, respectively. The 
residual char was bulky foam and easily crumbled 
in the hand. In addition to these VMT containing 
samples burned with a shiny glow.

Fig. 11:Samples a) before and b) after the flame spread test

The flame retardancy of VMT was previously 
reported in many studies, but none of these 
studies flame retardancy performance was 
evaluated based on the filler size. As can be seen 
from the results and supplementary material, 
Video 1, VMT-1 general ly showed higher 
performance in terms of flame retardancy. That 
was probably caused by better dispersion of smaller 
particles in the SEEPS matrix. The mechanism  
of flame retardancy of VMT was previously studied 
and reported by many authors.27,36–43 One of the 
most important reasons for flame retardancy is the 
composition of the VMT. SiO2, Al2O3, MgO, Fe2O3 
are the common components of VMT. SiO2

44,45 
Al2O3,45 MgO,46–51 and Fe2O3

52 were reported 
to have high thermal stability and improve the 

thermal stability, flame retardancy and smoke 
suppression of the polymeric composites. The flame 
retardancy mechanism was not only attributed to 
VMT composition but also residual foam formation 
during burning.27,36–43,50,51 In addition to thermal 
insulation capacity and oxygen barrier property  
of VMT, formation of multi-layered, foamy, carbon-
based char formation with good heat and oxygen 
prevention capacity led to increase in spread of flame  
during the test.

Conclusions
In this study, expanded vermiculite filled SEEPS 
composites were reported for the first time in the 
literature. High shear mixing was used to disperse 
VMT particles in the matrix. In order to investigate 
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the effects of high shear mixing on composite 
properties, two different fillers were prepared from 
the same batch as VMT-1 (299.5 µm) and VMT-2 
(551.6 µm).  Filler concentration was between 1-30 
wt%. Parallel with the starting size, VMT-2 filled 
composites showed higher particle size in the SEM 
images. However, as far as measured from the SEM 
images approximate average size was determined 
as 35.8 and 53.1 µm for VMT-1/SEEPS and VMT-2/
SEEPS composites. That was caused by removal of 
loosely bonded a few layered particles from VMTs 
by the effect of high shear mixing. Solution viscosity 
of VMT loaded samples showed increase with the 
VMT incorporation. FTIR analysis showed that 
fillers were homogeneously dispersed throughout 
the SEEPS matrix. Although mechanical properties 
of the composites showed a decreasing trend for 
both sets, VMT-2/SEEPS showed higher decrease 
in tensile strength and strain. Thermal stability and 
flame retardancy of the composites improved with 
the VMT addition and VMT-1/SEEPS composites 
showed better performance. This study work is of 
importance not only for fabrication of SEEPS based 
flexible polymeric composites but also for VMT 

processing and final size distribution of VMT in the 
polymer composites. For the fabrication of VMT 
filled polymer composites, processing conditions 
should be considered for the final properties and 
performance of the materials. The composites 
prepared in this work can be used as flexible, 
stretchable flame-retardant coatings for various 
substrates such as protective clothing, home-textiles 
and geotextiles so future work will focus on these 
applications.
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