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Abstract: In this work, the rheological behavior of flame retardant polypropylene composites 
produced by two methods: 1) twin-screw extrusion and 2) ultrasound application combined with a 
static mixer die single-screw extrusion is analyzed in detail; results are related to the morphology of 
the composites. The flame retardant polymer composites are composed of a polypropylene matrix, an 
intumescent flame retardant system and functionalized clay. Scanning electron microscopy revealed 
that the combination of the static mixer die and on-line sonication reduced particle size and improved 
the dispersion and distribution of the intumescent additives in the polypropylene matrix at the 
micrometric level. From linear viscoelastic properties, the Han, Cole-Cole and van Gurp-Palmen 
diagrams characterized the improved particle dispersion of the flame retardant additives. Two well-
defined rheological behaviors were observed in these diagrams. These behaviors are independent on 
clay presence and concentration. In fact, the ultrasound device generates a 3D highly interconnected 
structure similar to a co-continuous pattern observed in polymer blends as evidenced by rheological 
measurements. This improvement in the dispersion and distribution of the additives is attributed to 
the combined effect of the static mixer die and on-line sonication that allowed reducing the additive 
content while achieving the optimum classification UL94-V0. 
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1.   Introduction 

According to the usual method to produce flame retardant polymer materials, large additive 
concentrations are normally employed to obtain the desired properties; for example V0 according to 
UL-94 classification. However, increasing additive concentration in a polymer matrix is accompanied 
with processing problems and poor mechanical properties of the materials caused by low degree of 
dispersion and agglomeration of the additives, usually. Specific novel solutions, such as the production 
of nanocomposite materials under ultrasonic vibrations, are currently studied in polymer melt extrusion 
to improve distribution and dispersion of the particles in the polymer matrix [1–4]. 

The degree of the dispersion and distribution of the flame retardant additives has a large impact 
on the rheological, mechanical and flame retardant properties of the polymer matrix [5,6]. In polymer 
processing, rheological properties are quite important for the characterization of the polymer 
structure; for example, the Cole-Cole (η’’ versus η’), Han (G’ versus G’’) and van Gurp-Palmen 
(delta versus |G*|) diagrams have been widely used to analyze rheological data. Chen et al. [7] 
constructed the Cole-Cole diagram to infer the effect of ultrasonic vibrations on the HDPE-PS blend, 
and they found that the zero-shear viscosity (η0) diminished after sonication during melt extrusion. 
Changes in the molecular structure, including degradation of the HDPE-PS blend upon ultrasound 
application were revealed by molecular weight measurements. Using the Han diagram, Kim et al. [8] 
determined a long-chain branched structure in the polypropylene matrix caused by high-intensity 
ultrasound waves. An enhanced elasticity associated to the presence of a G’ frequency-independent 
plateau (G’ > G’’) was related to an inter-connected physical structure. With regard to polymer 
nanocomposites, the Han diagram has been used to determine nanoparticle-polymer matrix 
interactions. For example, Lai et al. [9] studied the effect of modified silica in a polyethylene matrix 
and they found that the materials with high concentrations of non-treated silica (>5 phr) deviate from 
the reference with low silica contents, indicating low compatibility or agglomerate formation. The 
rheological data of the materials produced with modified silica enabled the construction of master 
curves over the whole range of concentration, in fact revealing improved compatibility. 

In this work, the morphological, flame retardant and rheological properties of polypropylene 
based composites are reported. Intumescent flame retardant additives were incorporated in the 
produced materials using two different extrusion processes, twin screw (a traditional process) and 
single screw applying ultrasonic vibrations on a specific static mixer die. This static mixer die has a 
unique design to promote extensional flow by including compression-decompression zones that also 
produce intensive mixing; the details of equipment, processing condition and procedures have been 
reported in a previous work [5], where the morphology, thermal stability, flame retardant and 
mechanical properties were studied in detail. The main objective of this work is the assessment of the 
particle dispersion and composite microstructure using the extrusion-sonication on-line process 
through the resulting rheological and morphological properties of the materials. 

2. Materials and Method 

2.1. Materials 

The following components were used to obtain the materials: medium-impact polypropylene 
copolymer (PP) from Indelpro (Mexico) with 4.0 g/10 min according to ASTM D1238 melt flow 
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index; sodium bentonite clay, from Clariant (former Süd-Chemie) with 55 meq/100g ion interchange 
capacity; L-lysine mono-chlorohydrated aminoacid and maleic anhydride. The intumescent flame 
retardant system is composed of pentaerythritol with a purity of 94–95%; melamine with a purity of 
99.8% and ammonium polyphosphate from Clariant (trade name Exolit APP 422) with phosphorous 
content of 31–32 wt.% and molecular weight n > 1000 where n = number of phosphate units 
(NH4PO3)n. The average particle sizes of the intumescent additives according to suppliers are: 
ammonium polyphosphate: D50 < 15 microns and melamine and prentaerythritol: D50 < 40 microns. 

2.2. Equipment 

The materials were obtained by two methods: traditional extrusion using a twin screw counter-
rotating Leistritz Micro 27 extruder with diameter of 27 mm and L/D of 32 and extrusion with on-
line sonication using a single screw extruder with diameter of 25.4 mm and L/D of 24 coupled to a 
static mixer die; this extrusion process (single screw) was assisted by a set of 6 piezoelectric 
elements to generate ultrasonic vibrations with a frequency of 40 kHz, 100 V amplitude and 300 W 
power applied in the region were extensional flow is produced (patent under revision). The injection 
molding process was carried out in a Demag Ergotech 50–200 injection molding machine. 

2.3. Synthesis 

Bentonite clay was functionalized through cation-ion interchange reactions using L-lysine 
aminoacid as intercalant agent [10,11,12]. Polypropylene grafted with maleic anhydride via reactive 
extrusion was used to improve matrix-clay compatibility, according to the process of Shi et al. [13]. 
Grafted polypropylene/functionalized-clay proportion was kept at 2:1 ratio. 

2.4. Extrusion process 

Table 1 shows the overall data of the materials produced, including the extrusion conditions, 
intumescent flame retardant additives and functionalized clay content. The additives that form the 
intumescent system (pentaerythritol, melamine and ammonium polyphosphate) were added 
maintaining the same constant mass ratio, 1:1:1; for example, 30 phr of intumescent flame retardant 
is composed by 10 phr of pentaerythritol, 10 phr melamine and 10 phr of ammonium polyphosphate. 
For the case of 21 phr of intumescent flame retardant, each additive content is 7 phr. Samples are 
identified according to the following codes: in the sample identification code IFR 21-CLAY 
3/Sonicated, IFR means Intumescent Flame Retardant, 21 means 21 phr (parts per hundred of resin) 
of intumescent additives, CLAY 3 means functionalized clay concentration (3 phr) and Sonicated 
stands for the single screw-sonicated extrusion process (sonicated materials). Rotational speed for 
non-sonicated materials, in a twin-screw extruder, was 200 rpm. For sonicated materials, the single-
screw extruder rotational speed was 30 rpm. Ultrasonic vibrations (on-line sonication) were applied 
with a frequency of 40 kHz, 100 V amplitude and 300 W power. These processing parameters were 
determined previously [14]. The sonication applied to molten polymers has an important effect when 
the polymer is near or in contact with the emission source, producing cavitation, “jet” flows, 
molecular chains scission, disentanglement, and so on. In the system employed in this work, the 
static mixer die coupled to the single screw extruder has compression-decompression zones, 
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promoting extensional flows, where molten polymer goes through a very narrow aperture (0.6 mm); 
at this point, ultrasound-waves produced by the ultrasound transducers are applied to the polymer. 
These process conditions produce a substantial effect on the flow properties of the composite [15,16]. 

Table 1. Materials description. 

Sample identification Conditions process 

Intumescent flame 

retardant content 

[phr] 

Modified clay 

content 

[phr] 

IFR 30 Non-sonicated 30 0 

IFR 21 Non-sonicated 21 0 

IFR 21-CLAY 1 Non-sonicated 21 1 

IFR 21-CLAY 3 Non-sonicated 21 3 

IFR 30/Sonicated Sonicated 30 0 

IFR 21/Sonicated Sonicated 21 0 

IFR 21-CLAY 1/Sonicated Sonicated 21 1 

IFR 21-CLAY 3/Sonicated Sonicated 21 3 

2.5. Characterization  

Rheological tests were performed in a stress-controlled TA-G2 rheometer using the parallel 
plates fixture with 25 mm diameter and a heating chamber (TA-Extended Temperature System). All 
rheological tests were carried out at 215 °C in the linear viscoelastic regime. Micrographs were taken 
in a field-emission scanning electron microscope (SEM) Jeol JSM-7600F. Flame retardant properties 
in vertical position UL94-V were evaluated according to ASTM D3801 (IEC 707-9 and ISO 1210). 

3. Results and Discussion 

3.1. Morphology 

In Figure 1, the scanning electron microscopy micrographs of fractured surfaces for IFR 30 and 
IFR 21-CLAY 1 non-sonicated materials are shown. These materials contain 30 phr of intumescent 
flame retardant system (Figure 1-A) and 1 phr functionalized clay with 21 phr of intumescent flame 
retardant system (Figure 1-C) respectively. In these non-sonicated materials large particle 
agglomerates (around 30 microns size) are observed. The morphology of these compounds obtained 
by the traditional extrusion process (twin screw) shows the difficulty to distribute and disperse large 
contents of intumescent flame retardant additives into the polymer matrix. On the other hand, in 
Figure 1 B and D, the morphology of the sonicated materials is shown (IFR 30 and IFR 21-CLAY 1 
respectively). Here, much better dispersion and distribution of the particles are observed with particle 
sizes around one micron. Thus these micrographs of fractured surfaces clearly show the effect of the 
on-line sonication on the morphology of the samples rendering an improved dispersion and 
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distribution of the flame retardant additive particles in the polymer matrix. Functionalized clay 
particles are not observed or distinguishable in the SEM micrographs; probably by their low content 
(1 phr) or they could possibly be well dispersed at nanometric level and hence outside of the 
resolution of the SEM.  

 

Figure 1. Scanning electron microscopy micrographs of fractures surfaces: A) IFR 30, B) 
IFR 30/Sonicated, C) IFR 21-CLAY 1 and D) IFR 21-CLAY 1/Sonicated. 

3.2. Flame retardant properties 

The procedure to test the flame retardant properties was carried out according to the vertical 
position UL94 classification. Results (Table 2) show the effectiveness of the intumescent flame 
retardant system when a concentration of 30 phr is used. The non-sonicated and sonicated materials 
obtained at this particular concentration (IFR 30/Sonicated and IFR 30) render an optimum V0 
classification. These results are not surprising considering that at high concentrations the intumescent 
flame retardant system is very effective [17]. However, when the concentration is reduced to 21 phr, 
no flame retardant classification is obtained for the different materials prepared with exception of the 
compound IFR 21-CLAY 1/Sonicated, which rates V0 classification. This particular result is 
attributed to the distribution and dispersion action of the combined on-line sonication and static 
mixer die process upon a material that contains 1 phr of functionalized clay. When clay particles are 
properly dispersed and distributed (usually at nanometric level) they form a barrier-layer on the 
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surface of the material under combustion which isolates the material reducing the heat and mass 
transfer, in fact decreasing the flammability of the material [18]. However, in some systems, when 
clay particles are not well dispersed and/or exfoliated (larger clay contents are more difficult to 
disperse and/or exfoliate) a negative effect in the heat release rate is observed [19]. This is indeed the 
case for the 3phr clay sonicated material (IFR 21-CLAY 3/Sonicated) where no UL94-V0 rating was 
achieved.  

Table 2. UL94 classification of the evaluated materials. 

Sample identification 
UL94 

Clasification 

PP HB 

IFR 30 V0 

IFR 21 HB 

IFR 21-CLAY 1 HB 

IFR 21-CLAY 3 HB 

IFR 30/Sonicated V0 

IFR 21/Sonicated HB 

IFR 21-CLAY 1/Sonicated V0 

IFR 21-CLAY 3/Sonicated HB 

3.3. Rheological properties 

In Figure 2, the complex viscosity is plotted versus angular frequency. The sonicated materials 
(processed with single screw extrusion and the static mixer die) have larger viscosity values than the 
non-sonicated ones (processed with twin screw extrusion). This behavior reveals that degradation 
due to ultrasound vibrations at these processing conditions is not substantial. At low frequency 
(lower than 1.0 rad/s) a Newtonian region is apparent, while for high frequency (larger than 10 rad/s) 
the viscosity diminishes substantially. It is interesting that, the sample with 30 phr (IFR 30) shows 
the lowest viscosity of all samples which may be caused by polymer degradation due to the 
combination of high load of intumescent system (high shear stresses imposed on the compound  
leading to chain scissions) and lower dispersion as compared to the sonicated systems; this is indeed 
a problem with fire retardant polymer systems in which highly loaded compounds have good fire 
retardant properties but poor mechanical properties due to degradation effects [20]. Another 
interesting effect observed in the non-sonicated materials is the reduction in viscosity with the clay 
content, i.e., IFR 21-CLAY 1 material having higher viscosity than FR 21-CLAY 3. This effect has 
also been previously reported and may be attributed to clay particles having a lubricant effect when 
they are in a certain concentration absorbing enough high molecular weight polymer chains on the 
surface to cause a decrease in viscosity [21].  
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For the case of the sonicated materials, on-line sonication induces less pronounced shear 
thinning in the complex viscosity, revealing a more structured system which strongly depends on the 
effect of ultrasound rather than the composition of the materials. The increase in zero shear viscosity 
according to the Cox-Merz rule (not shown here) would indicate larger numbers of particle matrix 
interactions which would result from a more finely dispersed system as micrographs have shown. In 
the case of polymer nanocomposites, some authors have attributed the increase in the complex 
viscosity to a better dispersion and distribution of the nanoparticles in the polymer matrix, due to 
enhanced polymer–nanoparticle interactions [22]. In this case, it is likely that a smaller particle size 
or larger surface area of the particles together with better dispersion and distribution due to on-line 
sonication induces an increase in the viscosity. An increase in the shear-thinning behavior under 
simple shear has been observed in nanocomposites with the nanoparticles having a large aspect ratio 
and thus being more easily shear-oriented [23]. 

 

Figure 2. Complex viscosity versus frequency of non-sonicated materials (filled symbols) 
and sonicated ones (open symbols). 

In Figure 3a, the storage modulus as a function of frequency is plotted for all materials. At high 
frequencies, all the sonicated materials show a larger storage modulus evidencing a more elastic 
structure produced by on-line sonication which is attributed to an increase in the entanglement 
density, due to the degree of dispersion of the particles (intumescent flame retardant system) in the 
polymer matrix [4,22]. For the sonicated materials, the storage modulus shows a slope lower than the 
limiting value of 2 in the terminal region, in fact revealing enhanced polymer-particle interactions 
ascribed to a tendency to, but not definitive, solid-like behavior as frequency diminishes. To further 
show this effect, Figure 3b shows a comparison between a sonicated material (IFR 21-CLAY 
1/Sonicated) and a non-sonicated one (IFR 21-CLAY 1) with the same additive contents. Although 
there is no well-defined solid like region for the sonicated material, there is an obvious change of 
slope in the terminal region for all sonicated samples. For intumescent systems having particles with 
low aspect ratios, the interactions are increased but at a lower level as compared to highly filled 
exfoliated nanocomposites [23].  
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Figure 3a. Storage modulus as a function of the frequency of non-sonicated materials 
(filled symbols) and sonicated ones (open symbols). 

 

Figure 3b. Storage modulus as a function of the frequency of the IFR 21-CLAY 1 and 
IFR 21-CLAY 1/Sonicated materials. 

In Figure 4a, the Han Diagram (G’ vs G’’) was prepared from linear viscoelastic data; 
surprisingly, two well defined master curves are observed, one for sonicated materials and one for 
non-sonicated ones, indicating the effect of the ultrasound on the materials. It has been reported that 
an increase in the slope of the G’ vs G’’ curve in the low frequency range indicates that the dispersed 
phase particle size decreases and the particle size distribution narrows [7,24]. In Figure 4a, both sets 
of curves show slopes that reduce with the lowering of frequency. This effect has been reported as 
evidence of strong elastic behavior [9] and in this case it would indicate particle-matrix interactions. 
The latter is reinforced by results shown in Figure 4b, where the slopes at low frequencies of the 
curves in Figure 4a are observed to be essentially linear and their numerical slope values are shown 
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in Table 3. A larger slope indicates that the particle size is reduced and particle size distribution 
narrows in polymer blends [7]. A slope with value closer to unity has been reported to be associated 
to improved interfacial interactions in polymer rubber blends [25]. In this work, the fact that the IFR 
30/Sonicated curve is not only the curve with the largest slope but also the closest to a unit value 
suggests it to be the most homogeneous system. This result confirms that on-line sonication induces 
homogeneity (dispersion and distribution) of the particles (clay and intumescent system particles) as 
confirmed by the increasing slope from the lowest value observed in the non-sonicated materials. In 
addition, it has been reported that the slope of the Han curves approaches to 2 in the isotropic region 
of polymer liquid crystals and the slope deviates to lower values in the nematic region [26], in fact 
confirming that increasing slopes are related to a more homogeneous (and disordered) system. 

 

Figure 4a. Han diagram of non-sonicated materials (filled symbols) and sonicated ones 
(open symbols). 

 

Figure 4b. Slopes in the low frequency region of the Han diagram (see Figure4a). The 
corresponding numerical values are shown in Table 3. 
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Table 3. Values of the slope in the low frequency region of the Han diagram. 

Sample identification 
Numerical slope 

values 

IFR 30 0.940 

IFR 21 0.935 

IFR 21-CLAY 1 0.912 

IFR 21-CLAY 3 0.926 

IFR 30/Sonicated 0.977 

IFR 21/Sonicated 0.925 

IFR 21-CLAY 1/Sonicated 0.973 

IFR 21-CLAY 3/Sonicated 0.920 

Figure 5 shows the Cole-Cole diagram (η’’ vs η’) for the non-sonicated materials and Figure 6 
discloses data for the sonicated ones. The non-sonicated materials tend to deviate from a semicircular 
shape indicating poor compatibility due to strong particle-particle interactions [27,28,29]. Although 
the sonicated materials do not show a smooth semicircular and well-defined shape in the Cole-Cole 
graph, the concavity presented in the curves is considered here as a sign of increased homogeneity. 
In Figure 6, the maximum of the curve represents a dominant relaxation process usually observed in 
homogeneous systems, where a well-defined semicircular shape is associated with a single relaxation 
mode. The tendency to the semicircular shape of the curves for the sonicated materials is associated 
with the smaller particle size and enhanced particle dispersion observed in the sonicated materials 
morphology. 

 

Figure 5. Cole-Cole diagram of non-sonicated materials. 
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Figure 6. Cole-Cole diagram of sonicated materials. 

Figure 7 shows the van Gurp-Palmen (vGP) diagram (delta versus |G*|) for the different 
materials studied in this work, where two master curves are clearly defined; sonicated and non-
sonicated materials. Two structures are formed, as observed in the analysis of the Cole-Cole 
diagrams; the sonicated materials show enhanced polymer matrix-particle interactions (clay and 
intumescent flame retardant particles) due to the reduced particle size and improved dispersion and 
distribution of the particles. In contrast, in the non-sonicated materials, the structure is dominated by 
particle-particle interaction with larger particle size and poor distribution. As previously reported by 
Li et al. [30], when the structure of the blend is co-continuous, the vGP diagram shows a curve with 
a maximum and diminishes with decreasing values of the modulus |G*|, which is the case illustrated 
here for both unsonicated and sonicated materials. Li et al., also reported that when the structure is 
co-continuous, the Cole-Cole diagram shows a semicircular shape followed by a tail at high 
frequencies which correspond to the relaxation of the network formed by interpenetrating phases, 
which is observed in our results only for the sonicated samples (see Figure 6). This network is 
associated with a higher degree of interconnectivity between the phases [30]. 
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these features are observed in our results. Since the on-line sonication does not modify the interfacial 
tension between the phases, but only the distribution and particle size of the dispersed phase, the 
network behaves as that of a co-continuous polymer blend structure with a high degree of 
interconnectivity [31]. 
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Figure 7. Van Gurp-Palmen diagram for non-sonicated materials (filled symbols) and for 
sonicated ones (open symbols). 

4. Conclusion 

In this study, the effect of on-line extrusion-sonication, using a static-mixing die, on the 
rheology of flame retardant compounds was analyzed in detail. From linear viscoelastic data the Han, 
Cole-Cole and van Gurp-Palmen diagrams indicated the improved dispersion of the sonicated 
materials as well as the particle size reduction of the intumescent system observed by SEM 
micrographs. Several interesting features were observed: the Han diagram revealed better particle 
dispersion brought about by a smaller particle size when sonication is applied; from the analysis of 
the slopes along the low-frequency region of this plot, a trend to a homogeneous material is observed 
as a result of improved dispersion of the intumescent additives. The Cole-Cole diagram also 
indicated improved particle dispersion, and from the van Gurp-Palmen diagram, a co-continuous 
interconnected structure similar to those observed in polymer blends is obtained using the on-line 
sonication process. Satisfactory flame retardant materials were obtained with 30 phr intumescent 
flame retardant additives content in both processes (materials with 30 phr obtained V0 classification). 
This is an expected result since high concentrations of intumescent system are commonly used to 
obtain good flame retardant properties. However, the effect of the single screw extrusion process 
with the static mixer die-sonication renders an improved level of dispersion and distribution of 
particles at the micrometric level, so that a reduction in the additive content from 30 to 21 phr with 1 
phr clay, with the consequence of less processing problems at the compounding stage. 
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