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Abstract: A careful insight into melt compounding procedure is proposed in order 
to achieve a better understanding and control of the dispersion and orientation 
mechanisms of organo-clay platelets into LDPE nanocomposites. The method 
involved is the preparation of a maleic anhydride grafted polyethylene master-
batch containing 10 wt% organo-clay via twin-screw extrusion. A substantial nano-
dispersion and orientation of clay platelets was obtained as observed by X-ray 
diffraction (XRD) and transmission electron microscopy (TEM) analyses. Moreover, 
the nanocomposites prepared by diluting the master-batch through the blend 
mixing with additional LDPE preserved or improved the exfoliation and lamellae 
orientation. Finally, the thermo-gravimetric analysis (TGA) showed a significant 
improvement of the thermal stability while both differential scanning calorimetry 
(DSC) and XRD evidenced a slight increase of the LDPE crystallinity degree with 
respect to neat polymer matrices thus suggesting the occurrence of orientation 
also for the polymer. 

 
Introduction  
In recent years, polymers filled with small amounts of high aspect ratio layered 
silicates, dispersed at nanoscale level, have been the subject of deep research 
efforts due to the possibility to obtain materials with improved properties and a 
broader application field [1-6]. Particularly interesting is its use as food packaging 
materials [7, 8] due to the excellent gas barrier properties that generally characterize 
the films from such nanocomposites jointly to improved flame retardancy, higher 
stiffness and toughness. For example, nanocomposites of this type from low density 
polyethylene (LDPE), which is widely used for packaging applications, show oxygen 
barrier properties significantly improved with transparency preservation. 
A large number of papers were already published concerning the preparation of 
polyethylene (PE)/montmorillonite nanocomposites by melt processing routes [9-11] 
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and several aspects on their preparation [12-20] were deeply investigated for 
obtaining the best results in terms of clay exfoliation. It is in fact well known that to 
completely profit by all the advantages of nanocomposites it is necessary to achieve 
exfoliation or delamination of the large stacks of silicate nanoplatelets into single 
layers or small tactoids, thus achieving the enormous aspect ratio necessary to 
contribute to the nanocomposite property profile.  
In this perspective many synthetic efforts were focused to design effective 
surfactants for clay modification, and for PE significant results were found by using 
organo-montmorillonite modified with quaternary ammonium salts having long alkyl 
chains. Moreover it was found that for establishing interactions between the clay and 
the polymer to be able to stabilize the final morphology it is necessary to introduce 
functional groups onto the polyolefin backbone and then to use the modified polymer 
either as matrix or as compatibilizer. In particular, it was shown that grafted maleic 
anhydride (MAH) or diethyl maleate groups [21, 22] promote effective hydrophilic 
interactions between the layered silicate surface and the polyolefin, thus providing 
good mechanical and gas barrier properties [21-23]. In particular, in the case of 
PE/organo-clay nanocomposites [18] the exfoliated morphology could be obtained 
with MAH grafting levels higher than 0,1 wt% and number of methylene groups in 
alkylamine chains more than 16. Furthermore, the dispersion level was found to 
strongly depend on the amount of silicate and the evolution of different morphologies 
from disordered exfoliated to predominantly intercalated was studied with respect to 
the organo-clay content [23]. High density polyethylene (HDPE) [14-16] and linear 
low density polyethylene (LLDPE) [17-19] were preferentially used for the preparation 
of nanocomposites since it was demonstrated that branched LDPE macromolecules 
hardly intercalate into clay galleries [20]. 
Melt viscosity and molecular weight play an important role in establishing the 
composite final morphology [24, 25]. The best results were obtained by using a 
compatibilizer with similar rheological properties with respect to the matrix; otherwise 
the miscibility between the two polymers can be compromised thus inhibiting and 
limiting the intercalation/exfoliation process. 
Along with the use of a properly selected organic clay modifier and compatibilizer, a 
correct mixing protocol (processing parameters such as mean residence time, screw 
speed etc.), which promotes both high shear stress and high shear rate, can assist 
the clay dispersion [26-30]. Dennis et. al. [30] demonstrated that at the beginning of 
the melt compounding process the stress should help the breakup of larger organo-
clay particles into dispersed stacks of silicate tactoids. Then the transfer of the stress 
from the molten polymer to the silicate tactoids shears them into smaller stacks of 
silicate platelets and ultimately individual platelets peel apart through a combination 
of shear and diffusion of polymer chains into the organo-clay galleries. However, this 
pathway does not require high shear intensity, but involves the polymer diffusion into 
the galleries (driven by either physical or chemical affinity of the polymer for the 
organo-clay surface) and thus it is facilitated by a high residence time in the extruder. 
Therefore, the model demonstrated that, without chemical interactions between the 
resin matrix and the clay, high shear intensity does not cause a further breakdown of 
the particles and only by combining chemistry and processing the delamination and 
dispersion can be improved.  
A rapid and direct determination of the nanocomposite morphology during or at the 
end of the extrusion process still remains at the moment a challenge, even if the melt 
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rheology could represent a powerful method to investigate the degree of 
disaggregation and delamination of clays. However, so far, the major part of the 
studies concerning dynamic shear measurements was carried out off-line. These last 
are very sensitive to the morphological status of the nanocomposite melts, but they 
do not take into account the material processability, which can be instead examined 
working on-line at high shear rates. This kind of analysis, rarely performed, is crucial 
for the production of polymer nanocomposites on wide scale particularly by 
considering that the shear response of layered silicate-based polymer 
nanocomposites has important consequences on the potential material 
processability. 
By taking into account that any development in this field may be undoubtedly the key 
to the commercial expansion of LDPE nanocomposites and that the extrusion scale-
up is currently the most successful approach for their preparation, in this work 
chemical and processing parameters were both investigated and evaluated by 
working with a co-rotating twin screw extruder. With this purpose, by employing an 
organo-clay already tested for the preparation of polyolefin nanocomposites, the 
selection of the matrix and compatibilizer was made according to their rheological 
properties together with a typical functionalization degree (around 1 wt%). The 
compatibilizer was first melt compounded with the organo-clay in order to prepare a 
master-batch containing 10 wt% of organo-clay; thus, nanocomposites with two 
different amounts of clay were prepared by mixing the master-batch with pure LDPE. 
Morphology and thermal properties of the master-batch and derived nanocomposites 
were investigated by x-ray diffraction (XRD), transmission electron microscopy 
(TEM), differential scanning calorimetry (DSC) and thermo-gravimetric analysis 
(TGA). The rheological behavior of nanocompounding was studied during the 
extrusion process with an on-line capillary rheometer to provide a relationship 
between feed conditions, processing parameters and state of clay dispersion. 
 
Results and discussion 
A polyethylene suitable for blow moulding extrusion was selected as matrix (LDPE), 
together with a maleic anhydride functionalized PE (PE-g-MAH, FD=0,5-1,0 wt%) as 
compatibilizer. This has a melt viscosity similar to that of the LDPE thus to minimise 
phase separation risks [31] (see experimental part). The organo-montmorillonite 
Dellite 72T (D72T) modified by dimethyl dihydrogenated tallow quaternary 
ammonium was selected as clay [22] and employed for the master-batch preparation. 
For economic reasons, PE-clay nanocomposites of industrial interest contain no 
more than 3 wt% of organo-clay and they are preferentially prepared from a master-
batch containing a large amount of the additive [32]. This procedure was reported for 
LDPE nanocomposites prepared  for working in an internal mixer [33], where the 
effect of the shear stress is obviously low. In fact a poor degree of clay exfoliation 
was observed for the master-batch. In this work a master-batch PE-g-MAH/D72T 
having a nominal weight ratio of 9:1 was prepared in the extruder with the aim to 
overstress the effect of clay dispersion. All the nanocomposites were then prepared 
by diluting the master-batch with LDPE in order to obtain nanocomposites with 1 and 
3 wt% of D72T, respectively. 
A co-rotating twin screw extruder (Fig. 1) with three kneading zones at different shear 
intensity was set up for obtaining a decreasing dispersive force along the screw 
profile which should initially allow the disaggregation of nanoparticles and 
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successively improve the dispersion of tactoids into discrete monolayers thanks to 
the distributive mixing action. Moreover the decreasing shear intensity should 
minimize the polymer degradation.  
 

TEMPERATURE PROFILE

NORMALLY 
VENTED SIDE FEED

MAIN 
HOPPER 

200 200 200 200 200 200 200 200 200 200 180 

 
 
Fig. 1. Screw and temperature profile used for the production of master-batch and 
nanocomposites  
 
The organo-montmorillonite was added to the molten polymer through a side feeder 
placed after the first kneading zone. Finally, the effect of processing parameters onto 
the dispersion degree of clay platelets was studied by varying the screw speed used 
both for master-batch (50, 75, 90 rpm) and preparation of nanocomposites (90 and 
150 rpm). 
 
Preparation and characterization of the master-batch 
The XRD spectra of the master-batch extruded at 50, 75 and 90 rpm (Fig. 2) showed, 
for all the studied screw speeds, a shift of the D72T (001) basal reflection towards 
smaller angles with respect to the neat organo-clay, thus indicating the occurrence of 
polymer chains intercalation within the interlayer spacing of clay platelets and the 
related development of a mixed morphology consisting of intercalated or 
intercalated/exfoliated structures. This last hypothesis was also confirmed by TEM 
analysis. As reported in Fig. 3, as an example for the master-batch prepared at 50 
rpm, independently of the screw rate, a large number of single clay lamellae was 
observed as well as tactoids, thus suggesting that at least apparently the morphology 
was not affected by this processing parameter. Moreover, the lower-magnification 
TEM micrograph (Fig. 3a) evidenced a certain degree of orientation of lamellae which 
seemed to be aligned parallel to each other in a well-ordered structure. Therefore a 
good dispersion of clay layers was assessed for the master-batch thus highlighting 
the importance of the shear stress [30] for the control of the final morphology. 
The DSC of PE-g-MAH showed a broad endothermic peak both in the first and 
second heating steps with a quite low melting temperature, characteristic of low 
density PE. The second heating path was used to calculate the crystallinity degree, 
that was between 11 and 15 % (Tab. 1). The master-batches provided thermogram 
profiles similar to PE-g-MAH, even if a small decrease of the crystallization 
temperature (Tc) (∼1,5 °C) was observed together with an increase of crystallinity 
values. Most likely the polyethylene chains that surround the dispersed clay lamellae 
have a reduced mobility with respect to the far chains, due to the interaction with the 
clay surface through the polar anhydride groups [34], and as a consequence, the 
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surrounding chains crystallize latter. This is in agreement with results obtained in the 
case of ternary blends PE/PE-g-MAH/organo-montmorillonite [35, 36]. 
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Fig. 2. Comparison among the XRD spectra of the master-batch extruded at 50, 75 
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reflections of the polyethylene crystal structure (10-40° of 2θ) [38], it was possible to 
evaluate a 12% crystallinity degree [39]. The reflection at 20,8° increased in intensity 
with respect to the reflection at 23,1° for all the master-batches compared with the 
pure PE-g-MAH (Fig. 4) and it also grew by increasing the screw speed. This 
evidence indicates a raise of the crystal orientation along a preferential direction [40], 
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which could be a consequence of the orientation of the clay platelets highlighted by 
TEM analysis. 
 
Tab. 1. DSC data of PE-g-MAH and PE-g-MAH/D72T 90/9 master-batch extruded at 

Sample Tc (°C) Tm (°C) χc (%)* 

50, 75 and 90 rpm. 
 

PE-g-MAH 47,2 70,4 11 
PE-g-MAH/D72T 90/10 (50 rpm) 45,7 70,5 14 
PE-g-MAH/D72T 90/10 (75 rpm) 45,6 69,8 15 
PE-g-MAH/D72T 90/10 (90 rpm) 45,6 70,2 14 

* , wh m is the experim melting enthalp -x) is the Calculated as follows: χc=ΔHm/(1-x)ΔHm
0 ere ΔH ental y, (1

polyethylene fraction by weight in the composite and ΔHm
0 is the melting enthalpy of infinite 

polyethylene crystal (293 J/g) [37]. 
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Fig. 4. XRD plots of master-batch extruded at 50, 75 and 90 rpm. Diffractograms 

ab. 2. TGA data of PE-g-MAH and PE-g-MAH/D72T 90/10 master-batch extruded at 

10% (°C) ΔT10% (°C) T50% (°C) ΔT50% (°C)

were normalised at 19,2° for comparison purpose. 
 
T
50, 75 and 90 rpm 

Sample T

PE-g-MAH 351,3 − − 401,8  
PE-g-MAH/D72T 90/10 (50 rpm) ,4 ,4 432,7 81 467,2 65
PE-g-MAH/D72T 90/10 (75 rpm) 433,0 81,7 468,0 66,2 
PE-g-MAH/D72T 90/10 (90 rpm) 433,0 81,7 469,3 67,5 
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The TGA carried out under air flow of the master-batches (Fig. 5) showed a 
significant thermal stabilization (∼60 °C) (Tab. 2) with respect to the pure PE-g-MAH. 
Moreover, the degradation of master-batches occurred in a single sharp step with 
middle temperature point at 460 °C, while starting PE-g-MAH degraded in a wide 
temperature range with two main shared processes having middle temperature 
points at 403 and 530 °C, respectively. 
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Fig. 5. TGA analysis under air flow of PE-g-MAH and master-batch extruded at 50, 
75 and 90 rpm. 
 
Preparation and characterization of the nanocomposites  
The LDPE/PE-g-MAH/D72T 90/9/1 and 70/27/3 nanocomposites with 1 and 3 wt% of 
D72T respectively (as confirmed by EDXS analysis) were prepared by melt 
compounding the master-batch (50 rpm) with pure LDPE at 90 and 150 rpm.  
Independently of the composition, the broad XRD (001) peak in the master-batch due 
to D72T shifted to lower angles and its intensity decreased in the nanocomposites 
indicating the further increase of the d-spacing and most likely the promotion of clay 
exfoliation (Fig. 6). The increase of the screw speed from 90 to 150 rpm did not 
cause appreciable changes of the (001) peak for the nanocomposite 1 wt%. On the 
contrary, a significant decrease of D72T (001) basal reflection intensity was observed 
for the nanocomposite 3 wt% going from the lower to the higher rate, suggesting that 
the higher speed overcame the extra-viscosity due to the increased amount of clay 
favouring its dispersion/exfoliation. On the whole the XRD spectra evidenced the 
presence of a weak tail of the D72T (001) peak around the limit of detection of the 
instrument. This could be apparently associated with the formation of exfoliated 
nanocomposites or it may be due to a concentration effect. However, TEM 
micrographs showed that some ordered stacks, having a quite high value of the 
distance between lamellae, still persisted.  
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TEM micrographs of nanocomposites with 1 and 3 wt% of D72T (Fig. 7 and Fig. 8, 
respectively) confirmed the XRD results: both samples resulted mainly composed of 
exfoliated layers, even if a very small amount of intercalated tactoids still seemed to 
persist.  
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Fig. 6. XRD patterns of nanocomposites 1 and 3 wt% D72T at different screw speeds 
and same feed rate. 
 
Moreover, as already noted for the master-batch, the process of 
compounding/extrusion was responsible for a significant effect of organo-clay platelet 
alignment along a preferential direction for all the samples, as shown in particular for 
the nanocomposite 3 wt% prepared at 150 rpm (Fig. 8 c,d). 
The complementary role of the shear stress and interface interactions is evident 
when the effect of the different screw speed rates is compared for both the 
nanocomposites. In fact, no significant morphological differences were observed for 
the nanocomposite 1 wt% extruded at 90 and 150 rpm because the interface 
interactions allowed to obtain good dispersion even at low shear stress. Instead, 
when the clay amount increased up to 3 wt%, a higher energy amount should be 
supplied (higher shear stress) to achieve the separation of all the platelets (see the 
better morphology of nanocomposite 3 wt% 150 rpm vs. 90 rpm).  
The DSC analysis of nanocomposites and of corresponding LDPE/PE-g-MAH blend 
matrices, taken as reference, was performed. The addition of 1 wt% organo-clay did 
not significantly affect the thermal properties of LDPE: both melting (Tm) and 
crystallization (Tc) temperature seemed unchanged and only a very slight increase of 
crystallinity was observed for both the screw speeds (Tab. 3).  
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Fig. 7. TEM micrographs of ultrathin sections of nanocomposite 1 wt% extruded at 
different screw speeds: (a,b) 90 rpm; (c,d) 150 rpm.  
 
Tab. 3. DSC data of LDPE/PE-g-MAH blends and LDPE/PE-g-MAH/D72T 
nanocomposites. 
  

Sample Tc (°C) Tm (°C) χc (%)* 

LDPE/PE-g-MAH (90/9) 86,5 111,9 37 
LDPE/PE-g-MAH (70/27) 86,3 110,6 32 
Nanocomposite 1 wt% (90 rpm) 87,2 112,6 38 
Nanocomposite 1 wt% (150 rpm) 87,5 111,8 38 
Nanocomposite 3 wt% (90 rpm) 84,9 112,6 34 
Nanocomposite 3 wt% (150 rpm) 86,0 111,5 34 

*Calculated as follows: χc=ΔHm/(1-x)ΔHm
0, where ΔHm is the experimental melting enthalpy, (1-x) is the 

polyethylene fraction by weight in the composite and ΔHm
0 is the melting enthalpy of infinite 

polyethylene crystal (293 J/g) [37]. 
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In the case of nanocomposites containing 3 wt% organo-clay, it was observed a 
more significant increase of both Tm and crystallinity degree (χc) with respect to the 
corresponding LDPE/PE-g-MAH (70/27) matrix, independently of the screw rate as 
already mentioned for the master-batch. 
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Fig. 8. TEM micrographs of ultrathin sections of nanocomposite 3 wt% extruded at 
different screw speeds: (a,b) 90 rpm; (c,d) 150 rpm 
 
The XRD analysis of nanocomposites 3 wt% showed a decrease of the relative 
intensity of the (110) diffraction peak of polyethylene with respect to the (200) peak 
by addition of the clay (Fig. 9) as indication of molecular axis orientation [40]. 
The mathematical deconvolution [39] of the XRD pattern profile, with Gaussian-
shape curves, allowed to calculate the I(110)/I(200) ratio (Tab. 4). The LDPE I(110)/I(200) 
ratio is in agreement with the literature value found for unoriented PE specimens [41], 
while for nanocomposites 3 wt% a lower value was found. Only a slight decrease 
was instead observed for nanocomposites 1 wt%. The decrease of the I(110)/I(200) ratio 
as well as the slight increase of the crystallinity degree by DSC for nanocomposites 3 
wt% could be tentatively related with the orientation of both macromolecules and 
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lamellae (as shown by TEM pictures) [42] by the extrusion process. In this way the 
orientation of macromolecules could have promoted the crystallization favouring the 
crystallinity increase as already reported in literature [43] (Fig. 10). The lower effect 
observed for nanocomposites 1 wt% (lower orientation and lower crystallinity 
increase) is probably due to the lower amount of lamellae.  
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Fig. 9. XRD spectrum of nanocomposite 3 wt% (90 rpm) in the 10-30° diffraction 
range (black), Gaussian peaks for the amorphous halo and the polyethylene crystal 
reflections as obtained by the deconvolution procedure (green) and sum of the three 
deconvolution peaks (red). 
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Fig. 10. Representation of the effect of extrusion flow on the process of 
macromolecules and clay lamellae orientation in the polymer melt and crystallization 
of oriented macromolecular chains.  
 
The thermal stability of LDPE/PE-g-MAH blends and of their nanocomposites with 
D72T was tested by TGA under air flow. Both nanocomposites started to degrade at 
higher temperature than pure polymer blends thus evidencing enhanced stability. For 
the nanocomposites 1 wt% the decomposition temperature T10%, which is measured 
at the point of 10 wt% mass loss, shifted by about 20 °C compared with the pure 
matrix (LDPE/PE-g-MAH 90/9) (Tab. 5). The T10% still increased by about 30-40 °C 
on increasing the master-batch loading (nanocomposites 3 wt%). The same trend 
was observed for T50% which also increased significantly for both the 
nanocomposites.  
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Tab. 4. Ratio between XRD d(110) and d(200) intensity peaks of orthorhombic 
polyethylene polymorph for pure LDPE and nanocomposites with different content of 
D72T obtained at different screw rate.  
 

Sample I(110)/I(200)

LDPE 4,0 
Nanocomposite 1 wt% (90 rpm) 3,9 
Nanocomposite 1 wt% (150 rpm) 3,9 
Nanocomposite 3 wt% (90 rpm) 3,6 
Nanocomposite 3 wt% (150 rpm) 3,4 

 
Tab. 5. TGA data of LDPE/PE-g-MAH blends and LDPE/PE-g-MAH/D72T 
nanocomposites. 
  

Sample T10% (°C) ΔT10% (°C) T50% (°C) ΔT50% (°C) 

LDPE/PE-g-MAH (90/9) 360,8 − 397,4 − 
LDPE/PE-g-MAH (70/27) 371,6 − 404,8 − 
Nanocomposite 1 wt% (90 rpm) 384,6 23,8 441,4 44,0 

Nanocomposite 1 wt% (150 rpm) 381,7 20,9 450,8 53,4 
Nanocomposite 3 wt% (90 rpm) 401,4 29,8 459,4 54,6 
Nanocomposite 3 wt% (150 rpm) 412,3 40,7 465,2 60,4 
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Fig. 11. Steady shear viscosity vs. shear rate of nanocomposite 1 wt% and 
LDPE/PE-g-MAH 90/9 blend. 
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On-line capillary rheometer measurements carried out during the extrusion process 
did not show any significant difference in the steady shear viscosity behavior vs. 
shear rate at any screw speed for all the nanocomposites prepared with respect to 
their reference matrices (see for example Fig. 11). Most likely silicate layers were 
strongly oriented towards the flow direction and for this reason the shear thinning 
behavior was principally dominated by the matrix properties [44]. 
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Fig. 12. Steady shear viscosity vs. shear stress of nanocomposite 3 wt% and 
LDPE/PE-g-MAH 70/27 blend both melt compounded at 150 rpm. 
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Fig. 13. Comparison between flow curves of nanocomposites and pure LDPE. 
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In the graphic of shear viscosity vs. shear stress, which is much more sensible to the 
composite structure, it was possible to observe that at low shear stress, for the 
nanocomposite prepared by adding the highest organo-clay amount (3 wt%) and at 
the highest screw speed (150 rpm), the shear viscosity was lower than that of the 
corresponding matrix (LDPE/PE-g-MAH 70/27) (Fig. 12). This effect could be 
explained on the basis of a higher degree of organo-clay platelets alignment in 
agreement with TEM analysis. 
These results suggested that at high shear rate the reinforcing elements into the 
composite were oriented in the flow direction so that the processability of LDPE was 
not compromised by the presence of the filler (Fig. 13). 
Finally, the on-line rheology evidenced that high shear stresses were exerted during 
the measurements both for master-batch and nanocomposites (44÷244 kPa for the 
master-batch and 25÷160 kPa for the nanocomposites) which were most likely 
responsible of particles breakup and ultimately improved clay platelet exfoliation. 
 
Conclusions  
The chemical and processing parameters selected on the basis of literature 
information were suitable to get well dispersed LDPE/organo-montmorillonite 
nanocomposites. A two step process consisting in the preparation of a PE-g-
MAH/clay 90/10 master-batch, then used for getting LDPE nanocomposites at 
different composition, was successfully scaled up in a twin screw extruder. Herein 
both the interactions at the polymer/clay interface and the shear stress in the 
extruder acted for establishing the final nanocomposite morphology. In particular the 
right balance between dispersive and distributive actions by the screw profile allowed 
to optimize the morphology both of master-batch and nanocomposites. Indeed, a 
good dispersion of clay layers was already assessed in the master-batch thus 
highlighting the importance of the shear stress for dispersing, intercalating and 
exfoliating lamellae after the proper interface interactions are provided. A further 
improvement of the dispersion degree was observed during the second processing 
step, since the melt viscosity of the two polymer components was accurately selected 
with the aim to improve their compatibility. The combination of TEM, XRD and DSC 
analyses allowed to assess that both lamellae and macromolecules were oriented by 
the extrusion process in particular in the 3 wt% nanocomposites thus influencing their 
rheological and thermal properties.  
 
Experimental part 
 
Materials  
Low density polyethylene (LDPE) Riblene FL34 with a density of 0,924 g/cm3 and 
melt flow index of 2,1 g/10 min (190 °C, 2.16 Kg) was purchased from Polimeri 
Europa. The organo-montmorillonite Dellite 72T (abbreviation D72T) modified by 
dimethyl dihydrogenated tallow quaternary ammonium salt was supplied by Laviosa 
Chimica Mineraria. Maleic anhydride modified polyethylene UL EP Compoline® by 
Auserpolimeri (abbreviation PE–g-MAH) having a melt flow index of 2,5 g/10 min 
(190°C, 2,16 Kg) and an amount of succinic anhydride grafted groups of 0,5-1,0 wt% 
was selected as compatibilizer.  
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Preparation of PE-g-MAH/organo-clay master-batch and LDPE/PE-g-MAH/D72T 
nanocomposites  
Nanocomposites were obtained by a two step process. In the first step a master-
batch was prepared by mixing in the extruder the compatibilizer and the organo-clay 
in nominal proportion by weight of 90/10. In agreement, the amount of organo-clay, 
checked by TGA, with respect to the amount of composite, resulted to be 10±1 wt%. 
In the second step the master-batch was blended with LDPE and nanocomposites 
having a relative weight proportion of 90/9/1 and 70/27/3 (LDPE/PE-g-MA/D72T) 
respectively were prepared. LDPE/PE-g-MAH/D72T nanocomposites were prepared 
via direct melt intercalation in a pilot-scale intermeshing co-rotating twin screw pilot 
extruder (Thermo-Haake) with following characteristics: barrel length of 960 mm, 
screw diameter of 24 mm and length-to-diameter ratio (L/D) of 40. The screw profile 
is composed of 10 zones (each zone has L/D=4) with 3 interposed kneading 
sections, the first kneading section started at the third zone and it was made up of 16 
kneading discs, the second started at the seventh zone and it was made up of 13 
kneading discs, while the last started at the eighth zone and it was made up of 8 
kneading discs. In the ninth zone there was a vent port which was kept open during 
the extrusion process. A gear pump that conveys the melt mass to a rod capillary die 
was connected to the tenth zone, between the extruder and the die. A capillary die 
with diameter of 3 mm and L/D=20 was used for master-batch preparation, while 
capillaries dies with diameter of 1 mm were used for rheology measurements and 
nanocomposites production. The instrument has the possibility of conducting on-line 
rheological tests and for this reason it is provided with different types of capillary dies. 
Then, master-batch and nanocomposites samples were taken at the die exit after 
having reached steady-state extrusion conditions, solidified in a water bath and 
pelletized with standard pelletizing machine. For the master-batch preparation, the 
compatibilizer PE-g-MAH was fed in the main hopper and the organo-clay D72T was 
introduced through the side feeder (after polymer melting). After several trials, the 
barrel temperature was set, for all the experiments, at 180 °C for the first zone and at 
200 °C for all the others, whereas the fed rate of PE-g-MAH was 0,9 kg/h and the 
clay was fed at the rate of 0,1 kg/h. Screw rotation speed was 50, 75 or 90 rpm. The 
LDPE was extruded and pelletized before blending with master-batch to obtain 
similar shape and size and thus to allow good mixing of the pellets. The process was 
carried out at 90 rpm, the fed rate was 1,8 kg/h and the barrel temperature was fixed 
at 190 °C for the first zone and 220 °C for all the others. Nanocomposites were 
instead prepared by mechanical mixing of LDPE and master-batch at room 
temperature which were later introduced in the hopper and fed at the rate of 1 kg/h. 
After several trials, the barrel temperature was fixed for the all experiments at 180 °C 
for the first zone and at 200 °C for all the others. Screw speed was 90 and 150 rpm. 
LDPE, PE-g-MAH and LDPE/PE-g-MAH blends with 90/9 and 70/27 weight ratio 
were also extruded, pelletized and used as reference materials. 
 
Characterizations 
Pure polymers, blends, master-batch and nanocomposites specimens of 2×1×0.2 cm 
were prepared for XRD and TEM analyses by compression moulding in a plane 
plates hydraulic press (Collin P200M) with the following thermal program: 1st step 
T=200 °C (pre-heated), for 600 s at P=0 bar; 2nd step T=200 °C, for 60 s at P=1 bar; 
3rd step T=200 °C for 60 s at P=2 bar; 4th step T=200 °C for 60 s at P=3 bar; 5th step 
quenching with cassette cooled by water for 120 s at P=3 bar. 
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X-ray diffraction (XRD) patterns of D72T, PE-g-MAH/D72T master-batch and 
LDPE/PE-g-MAH/D72T nanocomposites were recorded at room temperature by 
using a Siemens Kristalloflex 810 diffractometer (Cu Kα radiation, λ=0,15406 nm) in 
the 1,5–40° 2θ region at the scanning rate of 0,016 degree/s. Morphology of master-
batches and nanocomposites was investigated also by TEM with a Zeiss EM 900 
microscope applying an accelerating voltage of 80 kV. Ultrathin sections (about 50 
nm thick) of sample plaques were obtained by using a Leica EM FCS 
cryoultramicrotome equipped with a diamond knife (sample temperature: -145 °C; 
knife temperature: -60 °C). The energy dispersive X-ray spectroscopy (EDXS) of the 
3 wt% nanocomposites was performed with a Jeol JSM model T-300 instrument 
equipped with an Oxford X-ray energy dispersive spectrometer microprobe was 
performed on cryogenic fractured samples. The observed Si atomic percentage 
agreed with the value expected by the nominal amount of fed D72T.  
Thermo-gravimetric analysis (TGA) was performed with a Mettler Toledo Stare 
System TGA/SDTA 851e Module. Samples (5-10 mg) were placed in an alumina 
sample pan and runs were carried out at a standard rate of 10 °C/min from 25 to 900 
°C under air flow (60 ml/min). A Perkin-Elmer DSC-7 differential scanning calorimeter 
thermal analyzer equipped with a CCA/liquid nitrogen cooling unit was used for DSC 
analyses. Thermal scanning’s of melting-crystallization-melting (0-200 °C at 20 
°C/min) were performed under nitrogen atmosphere after the instrument calibration 
carried out by using melting temperatures and enthalpies of indium (Tm=156,60 °C; 
ΔHm=28,47 J/°C) and zinc (Tm=419,47 °C) as standards.  
Steady shear viscosities of LDPE/PE-g-MAH/D72T nanocomposites were measured 
at 200 °C by using the on-line capillary rheometer (OLR). An exact flow of melt 
polymer was conveyed by melt pump in a capillary at 200 °C. The true shear rate, 
true shear stress and true steady shear viscosity were measured with two capillaries 
for rheological measurements with diameter of 1mm and length of 10 and 30 mm 
respectively, varying the melt pump speed to change shear rate. The measurements 
were performed using two capillaries with diameter of 1mm and length 10 and 30 mm 
respectively necessary to remove the entrance and exit pressure drops from the 
measured signal leading to true shear stress values. The range of true shear rate 
investigated was approximately 16-900 s-1. Strain rates were controlled by a gear 
pump and chosen capillary die geometry. The apparent shear rate of melt polymer 
into the capillary was calculated using the pump volume and the selected geometry 
of the die with the following formula (eq. 1):  

3

4
r
Q

app ⋅
⋅

=
⋅

π
γ          (1) 

where  is the shear rate (sapp

⋅

γ -1), Q is the volume stream (m3/s), r is the radius rod 
capillary (m). While the apparent shear stress was calculated as it follows (eq. 2): 

l
pr

app 2
Δ⋅

=τ          (2) 

where l is the capillary length (m), Δp is the pressure drop (Pa) which was  measured 
by a pressure transducer. 
The data directly obtained by the OLR are apparent values (shear rate, shear stress 
and viscosity), as they inherit some faults caused by the measurement principle. 
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Therefore the shear stress data were corrected with the Bagley correction whereas 
for shear rate was applied the Weissenberg–Rabinowitsch equation (eq. 3):  
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4 d
d appapp  (for the rod capillary die)         (3) 

Finally the true steady shear viscosity (η) (Pa s) was calculated with the following 
formula (eq. 4): 

⋅=
γ

τη        (4) 
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