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Corresponding author: rossella.arrigo@polito.it

Abstract

In this work, the effect of the non-isothermal elongational flow on the morphology and mechanical 

properties of polypropylene (PP)-based nanocomposites containing Mg-Al layered double 

hydroxides (LDHs) modified with stearate or oleate functional groups has been investigated. In 

particular, nanocomposites containing 5 and 10 wt% of LDHs prepared through melt compounding 

were subjected to uniaxial elongational flow at the exit of the extruder, leading to the formation of 

fibers characterized by different draw ratios. The mechanical characterization of the fibers 

demonstrated a progressive enhancement of the tensile strength as a function of the draw ratio with 

increasing the content of nanofillers. Notably, for the fibers stretched at a draw ratio of 200 and 

containing 10 wt% of LDHs modified with oleate groups, the tensile strength increased four-fold as 

compared to that of the unfilled matrix. These results have been attributed to a progressive 

enhancement of the extent of the dispersions of the embedded LDHs induced by the application of 

the elongational flow, as also confirmed by morphological analyses. In all, the obtained results 

demonstrated the beneficial effect of the elongational flow in promoting the achievement of superior 

mechanical properties in LDHs-containing nanocomposites, hence widening the application field of 

these nanostructured materials.

Keywords: polypropylene; layered double hydroxides; elongational flow; nanocomposite fibers; 

mechanical properties. 

Highlights

 PP/organomodified LDHs nanocomposites were obtained through melt compounding

 Non-isothermal elongational flow was applied to the extrudates at the die exit 

 Anisotropic fibers showed progressively enhanced tensile strength values

 Elongational flow promoted a gradual evolution of the material microstructure

 A gradual improvement of the nanofiller dispersion was observed upon elongation
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1. Introduction

Polymer-based nanocomposites have become increasingly popular in the last decades owing to their 

several advantages in terms of weight, costs and entailing mechanical reinforcement as compared to 

traditional composites [1–4]. As extensively reported in the literature [5–8], these systems are 

characterised by sub-micrometric fillers capable of reinforcing the polymeric matrix, due to the 

nanometric size and the very high surface area of the embedded nanoparticles. In particular, if a good 

dispersion of the nanoparticles is reached, an extended and complex interface between the nanofillers 

and the polymer macromolecules is generated, allowing emphasizing the interactions between the 

two components. Among the nanofillers typically exploited for the formulation of polymer 

nanocomposites, layered nanoparticles, such as nanoclays and layered double hydroxides (LDHs), 

can lead to the formation of phase-separated, intercalated or exfoliated structure depending on the 

dominant interfacial interactions [9]. In particular, when the polymer chains are not able to enter in 

the space in-between the nanoplatelets, phase-separated composites are achieved, showing properties 

similar to those of traditional composites [10]. On the other hand, when intercalation occurs, the 

polymer macromolecules diffuse in the interlayer galleries, usually promoting the obtainment of 

superior properties [11]. Finally, exfoliated structures are achieved when layered nanoparticles are 

completely delaminated. In this last case, the polymer/filler interactions are maximized, resulting in 

the achievement of outstanding final performances [12].  

The literature on polymer-based nanocomposites containing layered nanofillers is wide, since this 

strategy of modification of polymeric materials allows the obtainment of superior properties, while 

keeping very low the content of solid particles, hence avoiding the increase of the material density 

caused by the introduction of high contents of mineral fillers typically encountered in conventional 

composites [13–15]. Nevertheless, most of the literature on this topic concerns polymer 

nanocomposites containing cationic clays, while less attention has been paid to systems loaded with 

LDHs, which are very promising materials in several applications [16,17]. In this context, Shi et al. 

[18] demonstrated that high degrees of exfoliation were achieved in polypropylene (PP)-based 

nanocomposites containing Mg-Al LDHs modified with dodecylsulfonate/itaconic acid. The 

formulated nanocomposites exhibited increased crystallinity as compared to the neat matrix, as well 

as enhanced thermal stability and improved flame-retardant properties. Similarly, Constantino et al. 

[19-21] demonstrated the beneficial effect of organically modified ZnAl LDHs in improving the 

thermal stability and fire performance of different polymeric matrices, such as polyethylene and an 

epoxy resin. Furthermore, from a general point of view, an improvement of the matrix mechanical 

properties has been reported owing to the introduction of well dispersed LDHs [22].  
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Several works reported also interesting results for PP-based nanocomposites containing LDHs [23–

25]. In this context, when organomodified LDHs are introduced within PP, a general improvement of 

the thermal stability, crystallinity and mechanical characteristics is documented [26,27]. In particular, 

it has been shown that well-dispersed LDHs platelets are able to promote heterogeneous nucleation 

phenomena [28], leading to the achievement of higher melting and recrystallization temperatures as 

compared to the unfilled matrix [29]. Furthermore, Kakati et al. [24] demonstrated the enhancement 

of mechanical properties and thermal stability in PP/Ni-Al LDH nanocomposites, leading to better 

performance of the nanocomposites owing to nanosheets dispersion. 

However, one of the main issues concerning the processing of polymer-based nanocomposites is the 

formation of filler aggregates and agglomerates causing the achievement of uneven and 

inhomogeneous morphologies, negatively affecting the final properties of the material [25,30]. For 

this reason, the use of a compatibilizer is mandatory for enhancing the compatibility between the non-

polar matrix and the nanofillers, hence allowing obtaining highly intercalated or exfoliated 

morphologies [31–33].

As documented in the literature, an interesting strategy to enhance the dispersion of the embedded 

nanofillers in polymer-based nanocomposites involves the application of the elongational flow in 

non-isothermal conditions. In fact, it has been demonstrated that the applied elongational stresses are 

effective in inducing a progressive disruption of the filler aggregates and agglomerates typically 

observed in nanocomposites obtained by melt compounding [34–38], promoting an overall 

improvement of the material morphology and, hence, final properties. Besides, in the case of polymer 

nanocomposites containing anisotropic fillers, the applied elongational flow also causes preferential 

orientation of the embedded nanofillers along the flow direction, inducing superior properties for the 

systems subjected to stretching as compared to those of their isotropic counterparts [39]. Interestingly, 

for nanocomposites containing layered fillers, such as nanoclays, a peculiar behavior, involving a sort 

of elongational flow-induced transition from intercalated to exfoliated morphology, has been reported 

[40,41]. At present, to the best of the Author’s knowledge, most of the investigations in this field 

concerns polymer-based nanocomposites filled with graphene [42] or nanoclays [43–45]. At variance, 

only few studies report the formulation of fibres based on nanocomposites containing LDHs through 

melt spinning [46,47], although the possible elongational flow-induced microstructural evolution on 

such kind of nanostructured systems has not been systematically elucidated yet. 

In this work, the effects of the non-isothermal elongational flow on PP-based nanocomposites 

containing 5 or 10 wt.% of organomodified was investigated. In particular, two different kinds of 

nanoparticles, containing two different organomodifiers were introduced within PP through melt 

compounding. After the characterization of the rheological behavior, thermal properties and 
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morphology of the isotropic materials, the effect of the non-isothermal elongational flow on the 

nanocomposite microstructure and mechanical properties was assessed and discussed. 

2 Materials and methods

2.1 Materials

PP Moplen HP500N (Melt Flow Rate 12 g/10 min, Density 0.9 g/cm3, Flexural modulus 1480 MPa 

from supplier data sheet) supplied by LyondellBasell was chosen as nanocomposites matrix. In order 

to enhance the LDHs dispersion and the polymer/filler compatibility, maleic anhydride grafted 

polypropylene (PP-g-MA) from Sigma-Aldrich, with a content of 0.6 wt% of MA was used as 

compatibilizer. LDHs modified with stearate groups (s-LDHs, [Mg0.66Al0.34(OH)2](C18H35O2)0.34 x 

H2O, D50=1.78 µm, D90=7.60 µm) [48] or with oleate groups (o-LDHs, 

[Mg0.66Al0.34(OH)2](C18H33O2)0.34 x H2O, D50=3.78 µm, D90=10.83 µm) [49] were synthesised by 

Prolabin&Tefarm. 

2.2 Nanocomposites preparation

In order to obtain the nanocomposites, Process 11 Thermo Fisher co-rotating twin screw extruder has 

been used. The feeder capacity has been set to 100 g/h, while powder feeder to 6 g/h and 12 g/h, so 

as to obtain nanocomposites containing 5 and 10 wt% of LDHs. The extruder and die temperatures 

have been set equal to 175°C and 190°C respectively, while the screws rotation has been set equal to 

50 rpm. 

The materials obtained through melt compounding were then subjected to non-isothermal 

elongational flow using an IdeaInstr (Italy) RheoSpin apparatus. This equipment allows applying a 

uniaxial elongational flow to the molten extrudate coming out from the extruder through a series of 

pulleys which catch the hot filament and convey it to a final pulley rotating at steady speed or 

acceleration. Since the uniaxial stretching occurs at room temperature, the filament cools down 

gradually during the elongation, until solidification. In this way, fibers at different draw ratio (𝐷𝑅 =

) can be prepared and collected. 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟2
𝑒𝑥𝑡𝑟𝑢𝑑𝑎𝑡𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟2

𝑓𝑖𝑏𝑒𝑟

2.3 Characterization techniques

Bruker D2 Phaser 2nd generation X-ray Powder Diffractometer equipped with LYNXEYE SSD160 

detector has been used to analyse pristine PP and nanocomposites. The apparatus has a CuKα 

radiation operating at 30 kV and 15 mA. The step size (2θ) was 0.1° from 1.5 up to 40° and time per 

step was equal to 0.2 s. Both pristine LDHs and extruded nanocomposites were characterized. 

Specimens for XRD characterization were obtained through a compression molding step, using a 

laboratory press Collin P 200 T at 190°C.
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Rheological analysis has been conducted via ARES TA Instruments parallel plate rheometer with a 

plate diameter equal to 25 mm. Preliminary strain sweep tests (to evaluate the linear viscoelastic range 

of the materials) and frequency sweep measurements were performed at 190°C, equivalent to the 

processing temperature. The former was characterized by a frequency equal to 10 rad/s, with strain 

values between 0.1 and 300%, while during the latter, frequency values ranged from 100 rad/s to 0.1 

rad/s for pristine PP and to 0.01 rad/s for nanocomposites. The samples, with diameter equal to 25 

mm and thickness equal to 1 mm, were obtained using a laboratory press Collin P 200 T at 190°C. 

After a 3-minute pre-heating, the pellets were pressed for 2 minutes at 100 bar into a metallic mould. 

For thermal characterization, TA Instruments DSC Q20 has been used with the following thermal 

cycle (performed under nitrogen atmosphere): a first heating scan from -50°C to 200°C, isothermal 

step at 200 °C for 3 minutes, a cooling scan from 200 to -50 °C and a second heating ramp from -

50°C to 200°C. During all the steps, the rate of heating/cooling was maintained at 10 °C/min. The 

crystallinity content of the samples was calculated through the following formula [50]:

𝜒𝐶 = 100 ∗
𝛥𝐻𝑀

𝛥𝐻𝑀100% ∗ (1 ― 𝑥)
(2)

where ΔHM is the melting enthalpy (evaluated as the area of the melting peak recorded during the 

second heating scan), ΔHM100% is the melting enthalpy of the 100% crystalline PP (207 J/g [51]) and 

x is the nanofiller content.

For morphological characterization, Zeiss LEO-1450PV SEM has been used on fracture surfaces with 

a sputtered fold layer of both extrudates and fibers. In order to obtain brittle fracture, the sample have 

been treated in liquid nitrogen for several minutes before fracturing.

Mechanical characterization of the fibers was performed using an Instron 5966 dynamometer at room 

temperature equipped with a 2 kN load cell, at a crosshead speed of 100 mm/min. 

3 Results and discussion 

3.1 Characterization of the nanocomposites extrudates (isotropic samples)

Figures 1a and 2a show the trends of the complex viscosity (η*) for the nanocomposites containing 

s-LDHs or o-LDHs, respectively. Unfilled PP shows the typical Newtonian behavior in the low 

frequency region, followed by a mild shear thinning at high frequencies. Differently, the introduction 

of LDHs, irrespective of the type of the organomodifier, involves a substantial variation of this 

behavior. In fact, the rheological response of the LDHs-containing systems shows remarkable non-

Newtonian features, involving the amplification of the shear thinning at high frequencies and the 

appearance of a yield stress behavior in the low frequency region, which is more pronounced for the 

systems containing higher loadings of LDHs. The observed modification of the PP rheological 

behavior resulting from the introduction of the nanofillers can be ascribed to the establishment of 
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strong interactions between the high-aspect-ratio LDHs particles and the PP chains, which hamper 

the relaxation dynamics of the polymer macromolecules [8,52]. Besides, as already demonstrated for 

similar nanocomposites containing modified LDHs [53], the effect of the embedded nanoparticles on 

the matrix rheological behavior could be also attributed to the restrained mobility of the 

macromolecular chains, due to the partial immobilization of the macromolecules on the LDH surface 

or in between the platelets (in the case of intercalated structures). Finally, the slight lower complex 

viscosity of the nanocomposites as compared to unfilled PP in the high frequency region can be 

associated with the preferential alignment of the embedded nanofillers along the flow direction 

[23,33,54]. 

Looking at the trends of the storage modulus (G’) reported in Figure 1b and 2b, for the 

nanocomposites a gradual flattening of the curves at low frequencies can be observed, with the 

achievement of a sort of plateau which is more distinct with increasing the LDHs loading. According 

to the literature and to what inferred before from the analysis of the complex viscosity curves, this 

feature can be explained considering the slowdown of the relaxation dynamics of the polymer chains 

induced by the presence of well dispersed embedded nanofillers, causing a transition from liquid-like 

to solid-like rheological behavior [55–57]. 

(a) (b)

Figure 1. Complex viscosity η* (a) and storage modulus G’ (b) as a function of frequency for 

extruded PP/s-LDHs nanocomposites 
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(a) (b)

Figure 2. Complex viscosity η* (a) and storage modulus G’ (b) as a function of frequency for 

extruded PP/o-LDHs nanocomposites

Aiming at evaluating the morphology of the nanocomposites achieved through the melt compounding 

and at assessing the possible formation of intercalated or partially exfoliated structures, XRD analyses 

were carried out. Figure 3 shows the diffractograms for unfilled PP, organomodified LDHs and all 

formulated nanocomposites in the region in which lie the typical signals of LDHs. According to the 

literature [58], the diffractograms of the organomodified LDHs indicate that the particles have 

crystalline nature and layered geometry, with two main peaks corresponding to the 003 (basal peak) 

and 006 (higher order reflection) crystallographic planes, centered at 2.5° and 5.6°, respectively, 

regardless the kind of organomodifier group. For the nanocomposites, the introduction of the 

nanofillers does not result in significant modifications of the matrix crystallographic structure [59]. 

Furthermore, for the systems containing low content of organomodified nanoparticles (i.e. 5 wt %) 

the LDHs peaks disappeared. This result can be attributed either to the achievement of highly 

intercalated/exfoliated morphologies or to the low loading of nanofillers, which makes insensitive the 

XRD analysis [60]. At variance, for the nanocomposites containing 10 wt % of nanofillers some 

differences can be noticed. Firstly, for the system containing s-LDHs weak signals attributable to 

both basal and higher order reflection peaks can be observed, suggesting that the embedded particles 

are mainly dispersed as separated platelets, giving rise to the formation of intercalated or exfoliated 

structures. On the other hand, the basal peak is remarkably evident in the diffractogram of the 

nanocomposite containing 10 wt% of o-LDHs, indicating in this case the presence of some stacked 

LDHs structures (i.e. tactoids) embedded in the polymer matrix.  
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(a) (b)

Figure 3.  XRD diffractograms for s-LDHs and s-LDHs nanocomposites (a) and o-LDHs and o-

LDHs nanocomposites (b). The diffractogram of unfilled PP is also reported. 

To gain further insights into the morphology of the formulated nanocomposites, SEM characterization 

was carried out. The micrographs reported in Figure 4, referring to the systems containing the highest 

amount of both kinds of organomodified LDHs, highlight the achievement of an uneven dispersion 

of the embedded nanofillers, confirming the results coming from XRD analyses. In particular, for 

both nanocomposites it is possible to observe portions in which the nanofillers are well dispersed and 

distributed at sub-micrometric scale, notwithstanding the presence of aggregates having micrometric 

dimensions. Actually, also the performed EDX analyses (reported in Figure S1) indicate that the 

nanofillers are homogeneously visible on the whole investigated surfaces, without portions in which 

the LDHs are not present. Therefore, it can be inferred that most of the introduced LDHs are 

effectively able to form intercalated or exfoliated hybrids, although a portion of them remains in the 

stacked form, with occasional clustering and agglomeration. In all, the performed XRD and 

morphological characterizations indicate that the melt compounding step was not fully effective in 

promoting the achievement of large degrees of intercalation or exfoliation. In fact, it can be inferred 

that the embedded nanofillers are largely dispersed as thin platelets, giving rise to 

intercalation/exfoliation phenomena, although the presence of some agglomerates involving stacked 

tactoids. As a matter of fact, as widely reported in the literature [61], differently from conventional 

cationic nanoclays, the hydroxide platelets are characterized by very high values of surface charge 

density, which make very difficult the obtainment of consistent levels of exfoliation. 
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Figure 4. SEM micrographs of isotropic (melt compounded) nanocomposites containing 10 wt % 

of o-LDHs or s-LDHs.

Figures 5 a and b report the thermograms recorded during the cooling and the second heating scans, 

respectively, for unfilled PP and all formulated nanocomposites. The main thermal properties (i.e., 

melting enthalpy ΔHM and crystallinity degree χ) collected during the second heating ramp are listed 

in Table 1Error! Reference source not found.. The introduction of LDHs induced an anticipation 

of the crystallization, as well as an increase in the crystallinity content, indicating a nucleating effect 

exerted by the embedded nanofillers [59,62–65]. Furthermore, it can be observed that LDHs-

containing nanocomposites, unlike to the unfilled PP, show two melting peaks, with a secondary 

event at 150 °C. According to the literature, the peak at lower temperature can be likely associated 

with the melting of smallest crystallites that are formed through secondary crystallization processes 

in the inter-lamellar space between the larger crystallites [66].  
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(a) (b)

Figure 5. DSC thermograms for all investigated systems recorded during the cooling (a) and the 

second heating (b) scans.

ΔHM [J/g] χ [%]

PP 86.7 42%

5 wt % s-LDHs 73.5 36%

10 wt % s-LDHs 87.7 42%

5 wt % o-LDHs 96.6 47%

10 wt % o-LDHs 89.4 43%

Table 1. Melting enthalpy (ΔHM) and crystallinity degree (χ) evaluated during the second heating 

scan for unfilled PP and all LDHs-containing nanocomposites.

3.2 Characterization of nanocomposites fibers (anisotropic samples)

Aiming at assessing the possible effect of the application of the non-isothermal elongational flow on 

the morphology and, hence, on the mechanical properties of the LDHs-containing nanocomposites, 

the fibers at different draw ratios (obtained by subjecting the molten extrudates to a uniaxial 

stretching, as already described in paragraph 2.2) were characterized through tensile tests. The 

obtained results, in terms of variation of the dimensionless tensile strength as a function of DR, are 

depicted in Figures 6 (a-b). The dimensionless values were obtained as the ratio between the measured 

values of the tensile strength of the fiber at a given DR and the value of the tensile strength of the 

corresponding isotropic sample (reported in Table S1). This representation of the data allows for 

emphasizing the effect of the elongational flow and thus of the orientation phenomena, regardless the 

intrinsic mechanical characteristics of the starting isotropic material [67]. As far as the unfilled PP is 
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concerned, an almost linear increase of the tensile strength as a function of DR can be observed. This 

behavior can be ascribed to the well-known effect of the elongational flow in inducing a preferential 

orientation of the polymer macromolecules along the flow direction [68]. For the nanocomposites 

containing 5 wt% of both kinds of organomodified LDHs, a trend very similar to that of the neat PP 

can be recognised. More specifically, for the system containing s-LDHs the obtained data tend to 

superimpose those of unfilled matrix, indicating that the introduction of the nanofillers did not 

significantly affect the tensile behavior of the PP fibers. Differently, the introduction of 5 wt% of o-

LDHs brings about an increase of the tensile strength for all tested DR, and the fibers at DR=400 

show a quadrupled tensile strength as compared to that of the unfilled PP. However, the slope of the 

trend of tensile strength as a function of DR is almost unchanged as compared to that of the unfilled 

matrix. This last indicates that the observed increase of the tensile properties can be solely ascribed 

to the progressive orientation of the PP chains. On the other hand, the nanocomposites containing 

higher loadings of nanofillers show a very different behavior. In particular, these systems exhibit 

higher values of tensile strength, with respect to either neat PP or systems containing a lesser amount 

of LDHs, especially at high DR. In fact, for the materials stretched at DR = 200, the tensile strength 

reached values which are three-fold and four-fold higher than those of neat PP, when s-LDHs and o-

LDHs, respectively, are introduced within the polymeric matrix. This feature suggests that, upon the 

application of the elongational flow, beside the progressive orientation of the polymer chains along 

the stretching direction (causing a gradual reinforcing effect), some other phenomena promoting a 

gradual enhancement of the tensile strength of the nanocomposite fibers occur. According to the 

literature [42,69], this further reinforcing mechanism can be attributed to a progressive evolution of 

the material morphology resulting from the application of the elongation. More specifically, it can be 

inferred that the applied elongational flow has a beneficial effect on the extent of dispersion and 

distribution of the nanofillers, inducing a partial disruption of the aggregates of LDHs which are still 

present at the end of the melt compounding step (as testified by the SEM and XRD characterizations 

discussed before). 
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(a) (b)

Figure 6. Dimensionless tensile strength as a function of draw ratio (DR) for s-LDHs- (a) and o-

LDHs-containing nanocomposite fibers. Data for unfilled PP are also reported.

Figure 7. Normalized tensile strength as a function of draw ratio (DR) for unfilled PP and 

nanocomposites fibers containing 10 wt% of s-LDHs or o-LDHs.

To gain further insights into the inferred phenomena occurring during the application of the 

elongational flow, the dimensionless tensile strength values for the nanocomposites containing 10 

wt% of both types of organomodified LDHs were normalized with respect to the dimensionless values 

of unfilled PP. The obtained results are plotted in Figure 7 as a function of the draw ratio. This 

procedure allows removing the reinforcing effect due to the orientation phenomena involving the 

polymer chains, highlighting even more the influence of the embedded nanofillers and the possible 

evolution of their dispersion upon stretching. In other words, the achievement of a flat line indicates 

that the observed growth of the tensile strength as a function of DR can be solely attributed to the 
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orientation of the polymer chains induced by the uniaxial elongation. At variance, a trend with a 

higher slope would demonstrate the occurrence of some evolution of the material morphology, mainly 

involving the nanofillers. As observable in Figure 7, for the system containing s-LDHs a trend very 

similar to that of unfilled PP is obtained. This feature indicates that, in this case, the predominant 

reinforcing mechanism is associated with the orientation of the PP chains along the flow direction. 

Differently, in the case of the fibers containing o-LDHs, a remarkable increase of the tensile strength 

is observed, demonstrating that the material morphology is able to evolve and modify upon the 

application of the elongational flow. As anticipated before, this evolution concerns a progressive 

disruption of the nanofiller clusters observed after the melt compounding step. Additionally, it is 

possible to infer that, similarly to what reported in the literature for fibers containing anionic 

nanoclays, the application of the elongational flow also induces an increase of the interlayer distance 

either in the tactoids or in the intercalated hybrids already present in the melt-compounded 

nanocomposites, bringing about to an amplification of the intercalation phenomena or, possibly, to 

the formation exfoliated structures [41]. Furthermore, a preferential orientation of the embedded 

nanofillers along the flow direction, further contributing to enhance the tensile strength of the fibers, 

can not be excluded [43].  Looking at the differences observed between the fibers containing s-LDHs 

or o-LDHs, it should be considered that, during the application of the elongational flow, the 

progressive enhancement of the state of dispersion of the embedded nanofillers (and also the possible 

increase of the interlayer distance promoting the formation of intercalated/exfoliated hybrids) is in 

competition with flocculation phenomena. These lasts can cause the formation of nanofiller clusters 

due to the decreased distance between the embedded nanofillers induced by the stretching [70,71]. 

As widely documented in the literature, the flocculation is prevalent when the elongational flow is 

applied in isothermal conditions (since the low viscosity of the matrix allows the re-arrangement of 

the dispersed particles) or in systems which are already characterized by high degrees of 

intercalation/exfoliation before the application of the stretching [41,72]. As far as the systems object 

of this work are concerned, XRD analyses demonstrated the formation of intercalated/exfoliated 

structures in the isotropic (melt compounded) nanocomposite with embedded 10 wt% of s-LDHs, 

while the system containing the same loading of o-LDHs exhibited a well-developed basal peak 

attributed to the presence of stacked tactoids. Therefore, it is possible to infer that the application of 

the elongational flow was less effective in inducing microstructural evolution in the nanocomposite 

for which a better degree of nanofiller dispersion and distribution was achieved during the melt 

compounding step. 

The morphological characterization performed through SEM observations confirms what inferred on 

the basis of the analysis of the fiber tensile behavior. In fact, as observable in Figure 8, for the fibers 
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containing 10 wt% of s-LDHs the presence of some nanofiller cluster, likely resulting from the 

aforementioned flocculation phenomena promoted by the application of the elongational flow, can be 

observed. Otherwise, the anisotropic samples with embedded the same amount of o-LDHs show a 

homogeneous morphology, and no nanofiller aggregates can be observed at the exploited 

magnification. This result clearly demonstrates the beneficial effect of the elongational flow in 

inducing some evolutions of the nanocomposite morphology leading to the achievement of higher 

degree of intercalation and/or exfoliation. 

Figure 8. SEM micrographs of nanocomposite fibers at DR 300 containing 10 wt % of o-LDHs or 

s-LDHs.

4. Conclusion

In this work, PP-based nanocomposites loaded with 5 or 10 wt % of Mg-Al LDHs modified with 

stearate or oleate functional groups have been investigated, with particular attention to the effect of 

elongational flow on the morphology and, hence, mechanical properties of the formulated materials. 

The obtained results demonstrated that the melt compounding step, performed through a twin-screw 

extruder, was not fully effective for the obtainment of a homogeneous morphology. In fact, although 
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the performed rheological analyses indicated the achievement of strong polymer/filler interactions 

strongly affecting the relaxation dynamics of the matrix macromolecules, XRD and SEM 

characterization testified the presence of some nanofiller clusters (having micrometric dimensions), 

associable with the presence of stacked tactoids, especially for the nanocomposite containing o-

LDHs. The application of a non-isothermal elongational flow to the isotropic nanocomposite resulted 

in the achievement of a progressively higher tensile strength as a function of draw ratio, especially 

for the systems containing 10 wt% of both kinds of LDHs. In particular, the fibers stretched at DR of 

200, containing s-LDHs and o-LDHs showed values of tensile strength tripled and quadrupled, 

respectively, as compared to those of unfilled PP. The obtained results were ascribed to the 

progressive disruption of the nanofiller aggregates still present after the melt compounding step, 

induced by the application of the uniaxial stretching. Furthermore, for the fibers containing 10 wt% 

of o-LDHs a further reinforcing mechanism induced by the application of the elongational flow was 

proposed. In particular, it was inferred that, similarly to traditional nanoclays-containing 

nanocomposites, the application of the elongational flow can promote a gradual evolution of the 

system morphology, involving a progressive increase of the distance between the LDH platelets that 

caused the achievement of a higher intercalation (or exfoliation) level as compared to the isotropic 

systems. In all, the obtained results could help in opening new perspectives on the exploitation of 

LDHs-containing nanocomposites in some industrially relevant application fields, such as packaging, 

in which the produced items are typically subjected to non-isothermal elongational flow during the 

productive process. 
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Elongational flow-induced microstructure evolutions in polypropylene/layered double 
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Figure S1. EDX analysis on extruded nanocomposite containing 10 wt % o-LDHs

Tensile strength [MPa]

PP 4.9

5 wt % s-LDHs 26.0

10 wt % s-LDHs 28.0

5 wt % o-LDHs 29.3

10 wt % o-LDHs 28.9

Table S1. Tensile strength values for isotropic samples
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