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Abstract 

Blends of polypropylene (PP) and polyamide 6 (PA6) with multiwalled carbon nanotubes 

(MWNTs) were prepared using different processing strategies in a twin-screw micro-

compounder. The effect of MWNTs on the crystallization behaviour of the PP phase and the PA6 

phase of the blend has been investigated through non-isothermal crystallization studies by 

differential scanning calorimetric analysis. Further, the effect of the addition of the 

compatibilizer (PP-g-MA) and the modification of MWNTs (m-MWNTs) with a non-covalent 

organic modifier (Li-salt of 6 amino hexanoic acid, Li-AHA), has also been studied in context to 

the crystallization behaviour of the PP and PA6 phase in the blend. The crystallization studies 

have indicated a significant increase in bulk crystallization temperature of PP phase in the blend 

in the presence of MWNTs. Moreover, the formation of ‘trans-lamellar crystalline’ structure 

consisting of PA6 ‘trans-crystalline lamellae’ on MWNTs surface was facilitated in case blends 

prepared via ‘protocol 2’ as compared to the corresponding blends prepared via ‘protocol 1’. 

Wide angle X-ray diffraction analysis has showed the existence of β-polymorph of the PP phase 

due to incorporation of the PA6 phase in the blend. Addition of MWNTs in the blends has 

facilitated further β-crystalline structure formation of the PP phase. In the presence of m-

MWNTs, higher β-fraction was observed in the PP phase as compared to blend with pristine 

MWNTs. Addition of PP-g-MA has suppressed the β-phase formation in the PP phase in the 
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blend. X-ray bulk texture analysis revealed that incorporation of PA6 as well as pristine/modified 

MWNTs has influenced the extent of orientation of the PP chains towards specific crystalline 

plane in various blend compositions of PP and PA6. 

 

Keywords: PP/PA6 blend, crystallization, MWNTs, WAXD, X-ray bulk texture 
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Introduction 

 

Blend of polypropylene (PP) and polyamide 6 (PA6) is a well investigated polymer blend 

system by several research groups [1-10]. It has been observed that PA6 acts as a hetero-

nucleating agent during non-isothermal crystallization of isotactic polypropylene (i-PP) [3, 5–8, 

10–13]. This has manifested in a shift in bulk crystallization temperature (Tc) of PP to a higher 

temperature in the presence of PA6 phase [8, 10]. It has also been found that PP melt could form 

‘trans-crystalline’ structure on the surface of the dispersed PA6 chains [17, 10], which also 

suggests the hetero-nucleating action of the PA6 phase. Various compatibilizers could be utilized 

to achieve a finer morphology of PP/PA6 blend. PP grafted maleic anhydride (PP-g-MA) is one 

of the most widely used compatibilizers reported for PP/PA6 blend system [2-6, 14–17], which 

acts as a reactive compatibilizer and leads to a finer domain size and narrower domain size 

distribution of the dispersed phase. 

Besides compatibilizer, incorporation of any solid filler such as carbon nanotubes (CNTs) 

may also influence the morphology of the binary blend, which otherwise affects the 

crystallization behaviour of various semi-crystalline polymer matrices in the blends. Even, 

‘agglomerated’ dispersion of CNTs could impart hetero-nucleating effect on semi-crystalline 

polymers. [18]. Various polymorphic ‘trans-crystalline’ structures of PP could be generated in 

the presence of CNTs depending on the method of preparation of PP/CNTs composites [19]. i-PP 

exhibits three different polymorphs, viz., α, β and γ-crystalline structure [20–21]. Amongst these, 

the monoclinic α-crystalline form is the most predominant crystalline form found in general. 

However, use of a β-nucleating agent or controlled shear stress can favour the occurrence of the 

hexagonal β phase [20–22]. The triclinic γ-form has a very minor occurrence [20-21]. 
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Different polymorphs of PP could be achieved by introducing a semi-crystalline polymer 

to the PP matrix as well. However, the ability of the hetero-nucleating action of the semi-

crystalline polymer plays a very important role on the occurrence of different polymorphs of PP 

[10, 23-24]. It has been observed that semi-crystalline polymer viz., poly (vinylidenefluoride); 

PVDF has a strong α-nucleating effect on PP, which may hinder the formation of the β-phase 

even at very low concentration [10, 24]. In the presence of PA6, α phase of i-PP is predominant 

even when a β-nucleating agent has been added to i-PP [10, 24]. PA6 has a moderate α-

nucleating ability, so ‘trans-crystalline’ structure formation occurs only occasionally on PA6 

droplets and individual β-spherulites may also form in the PP melt [10]. 

It has been observed that the incorporation of multiwalled carbon nanotubes (MWNTs) in 

the binary PP/PA6 blend leads to finer morphology irrespective of the type of phase morphology 

[25]. However, ‘agglomerated’ dispersion of MWNTs in the respective phases could be reduced 

significantly by the use of a non-covalent organic modifier [26, 27]. In addition, the use of a 

reactive compatibilizer is also necessary to establish interfacial interaction between the 

polymeric phases [28]. In view of this, it has been planned to investigate the effect of pristine as 

well modified MWNTs on the crystallization behaviour of PP as well as PA6 phase in binary 

blends of PP and PA6. Further, the effect of the incorporation of a reactive compatibilizer has 

also been investigated on the crystallization behaviour of PP and PA6 phase in the PP/PA6 blend 

in the presence of either pristine/modified MWNTs. Moreover, variation in processing protocol 

during melt-mixing has been studied in context to the crystallization behavior of PP and PA6 

phase in the blend with MWNTs. 

Experimental 

Materials 
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Polypropylene (PP) was obtained from Reliance Industries Limited, Mumbai, India 

(H200MA) with a melt flow index of 23 (2.16 kg load, 190 °C). Polyamide 6 (PA6, zero-shear 

viscosity ~ 180 Pa.s at 260 °C) was obtained from GSFC, Gujarat, India (Gujlon M28RC, 

relative viscosity 2.8, Mv is 38,642 in 85% formic acid). Pristine multiwalled carbon nanotubes 

(MWNTs; NC 3100, average length: 1.5 µm, average diameter: 9.5 nm, carbon purity 95% as 

per manufacturer specifications; average diameter of ~ 9 nm from TEM measurement, Id/Ig= 0.8 

from Raman spectroscopic analysis) were obtained from Nanocyl SA, Belgium. Polypropylene 

grafted maleic anhydride (PP-g-MA) of density 0.91 g/ml and maleic anhydride content (MAH) 

ranges from 1.6-2.5% having MFI value of 40 (P-408) was procured from Pluss Polymers, 

Haryana, India. 6 Amino hexanoic acid (AHA) (Sigma Aldrich, Mw = 132.18; purity: 98%) was 

neutralized using lithium hydroxide (Sisco Research Laboratories, India, purity: 98%) to obtain 

lithium salt of AHA (Li-AHA).  The detailed procedure to obtain Li-AHA and the solid mixture 

of MWNTs and Li-AHA is described in the subsequent section. 

Modification of MWNTs 

Li-AHA was prepared by reacting 6-amino hexanoic acid with lithium hydroxide in 

deionized water (DI water) at~80-90 °C. The modification procedure is described below: 

Initially, MWNTs were taken in DI water and sonicated in a bath ultra-sonicator 

(Vibronics, India, frequency 20 KHz) for 10 min. Then appropriate amount of Li-AHA was then 

dissolved in DI water and the solution was added to MWNTs dispersion and then sonicated for 

another 10 min. Subsequently, water was evaporated by heating; MWNTs/Li-AHA mixture (1:1, 

wt/wt) was dried at ~ 100 °C in the vacuum oven for 24 h. Henceforth, 1:1 (wt/wt) solid mixture 

of Li-AHA modified MWNTs will be denoted as m-MWNTs. 
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Sample Preparation 

PP/PA6 blends with 5 wt% of pristine and m-MWNTs were prepared by melt-mixing in a 

conical twin-screw micro-compounder (Micro 5, DSM Research, Netherlands) at 260 °C with a 

rotational speed of 150 rpm (Please see Table 1 for detail blend composition). In the sequential 

mixing protocol, PP with 5 wt% pristine/m-MWNTs were initially mixed for 10 min followed by 

the addition of PA6 and melt-mixed for another 5 min (under the same extrusion conditions 

mentioned above, hereafter termed as ‘PP based sequence’ or ‘protocol 1’). Similarly, PA6 with 

5 wt% pristine or m-MWNTs were melt-mixed for 10 min followed by the addition of PP and 

melt-mixed for another 5 min (hereafter termed as ‘PA6 based sequence’ or ‘protocol 2’). In case 

of blend with compatibilizer (PP-g-MA), compatibilizer has always been added to the PP phase 

and the same protocol as above was followed. All the experiments were performed under 

nitrogen atmosphere to prevent any oxidative degradation.  

Injection-molded samples (according to ASTM D 638, Type V) were prepared using mini 

injection-moulding machine from DSM Research, Netherlands. The following protocols were 

utilized during the sample preparation of injection-moulding: injection pressure of 3 bar, melt 

temperature of 260 °C, mould temperature of 60 °C, holding time of 60 sec, and cooling time of 

2–3 min. The sample codes of the corresponding blend compositions are shown in Table 1. 

Characterizations 

Transmission electron microscopic analysis was performed on a JEOL JEM-2100 F (Japan) 

microscope at 200 kV. Pristine MWNTs and m-MWNTs were dispersed in de-ionized water. 

Further, a drop of this dispersion was placed on the grid and dried to remove the solvent. For the 

composite samples, extrudate strands were ultra-micromed to prepare ~60 nm slice using Leica 
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ultra-microtome and finally the sample was collected on a 200 mesh copper grids covered with 

thin amorphous carbon film. Further, the sample was stained with ruthenium tetroxide (RuO4) 

vapour for 1 hour to stain the PA6 phase. 

Raman spectroscopy was performed using a HR 800 micro-Raman (Jobin Yovon, 

France) on powder samples over a scanning range of 1000-2000 cm-1 with incident laser 

excitation wavelength of 514 nm. 

 Brunauer-Emmet and Teller analysis (BET) was carried out by nitrogen adsorption 

method using surface area analyzer (Smart Instruments, Thane, India).  

Differential scanning calorimetric (DSC) measurements were carried out using a 

modulated DSC (Q200 from TA Instruments, USA). The extrudate samples of about 4-5 mg 

were dried in a vacuum oven prior to experiment. The ‘heating-cooling-heating’ cycles were 

recorded in the temperature range from -50 °C to 260 °C at the scan rate of ±10 °C/min under 

nitrogen atmosphere. In the first heating run, all the samples were annealed at the final 

temperature (260 °C) for 3-4 min to delete the previous thermal history. 

Morphology of PP/PA6 blends was studied through scanning electron microscopic 

analysis (SEM) using a Hitachi (S3400N, Japan) instrument. Extrudate strands were 

cryofractured in liquid nitrogen and then selectively etched (formic acid for PA6 phase). The 

etched surface was gold sputtered to avoid the charging of the sample. 

Wide angle X-ray diffraction (WAXD) analysis was carried out on a Philips X-Pert Pro. 

The incident X-rays (λ=1.54 Å) from the Cu-target was monochromatized using a Ni filter. XRD 

patterns were recorded with a step scan with step size of 0.02 between 2θ =5°-50°. 
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A PANalytical MRD system was used in order to carry out bulk texture analysis. A 

relatively large area scan (2 mm X 2mm) was used for the XRD measurements to maintain 

reasonable statistics. Four pole figures were measured for bulk crystallographic texture. 

Subsequent texture analyses were conducted through a commercial program LaboTex [29]. Pole 

figures [30] were used for texture representation. 

 

Results and Discussion 

a. Characterization of pristine and m-MWNTs 

 Pristine and non-covalently modified MWNTs (m-MWNTs) were characterized using 

transmission electron microscopy (TEM), Raman spectroscopy and Brunauer-Emmet and Teller 

analysis (BET). Fig.1  shows TEM micrographs of pristine and m-MWNTs. MWNTs exhibit 

debundled and well dispersed after the modification, whereas pristine MWNTs show entangled 

network. The average diameter of MWNTs is increased from ~9.04 nm to ~9.59 nm due to the 

adsorption of Li-AHA molecules on the surface of MWNTs by the organic modifier. The Id/Ig 

ratio corresponding to pristine MWNTs and m-MWNTs were calculated using Raman 

spectroscopic analysis. Id/Ig ratio varies marginally on modification of MWNTs. Specific surface 

area of m-MWNTs reduces from 275 m2/gm to 42.36 m2/gm after Li-AHA modification. This 

suggests that the organic modifier adsorbs on the MWNTs surface. 
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Figure 1: TEM micrographs of a) pristine MWNTs and b) m-MWNTs   

b. Non-isothermal crystallization behaviour of PP and PA6 phase in PP/PA6 blends  

Fig. 2 (a) shows the non-isothermal crystallization behavior of neat PP, PA6 and 40/60-

60/40 (wt/wt) PP/PA6 blends. The bulk crystallization temperature (Tc) for PP is observed at 

~115 °C and for PA6; Tc is shown at ~ 192 °C. In case of PP/PA6 blend, PP registers higher Tc at 

~122 °C due to the hetero-nucleating action of the PA6 phase [3, 5–8, 10–13]. However, no 

significant change is observed in the Tc of the PA6 phase in the blend (Fig. 2a). 
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Figure 2: Crystallization exotherms of (a) neat PP, neat PA6 and PP, PA6 phase in 

the PP/PA6 blends; (b) neat PP, neat PA6, neat PP-g-MA and PP, PA6 phase in the PP/PA6 

blends with 5 wt% PP-g-MA 

Fig. 2 (b) exhibits the non-isothermal crystallization behavior of neat PP, PA6, PP-g-MA 

and 40/60-60/40 (wt/wt) PP/PA6 blends with 5 wt% PP-g-MA. Neat PP-g-MA depicts 

significantly higher Tc as compared to pure PP (~120.6 °C). In the presence of PP-g-MA, Tc 

corresponding to PP shifts to the higher temperature side (~125.8 °C) in the neat blend. Further, 

in case of 50/50 (wt/wt) PP/PA6 blend, PP phase exhibits a small peak at ~121.5 °C along with 

the presence of another peak at ~125.9 °C. Further, Tc corresponding to the PA6 phase gradually 

decreases with decreasing concentration of the PA6 phase in the blend in the presence of PP-g-

MA. A similar behaviour was reported earlier by Moon et al., wherein Tc of the PA6 phase was 

decreased with increasing concentration of PP-g-MA due to the formation of the graft copolymer 

at the interface, which leads to a delay in the crystallization of the PA6 phase [3]. It has also been 

reported earlier that the presence of PP-g-PA6 could influence the crystallization behaviour of 

both PP and PA6 phase due to the finer morphology development or due to the alteration of the 

type of phase morphology [31]. 

c. Non-isothermal crystallization behaviour of PP/PA6 blends in the presence of MWNTs 

In this section, the effect of MWNTs on the crystallization behaviour of PP as well as 

PA6 phase in various compositions of PP/PA6 blend is reported, wherein m-MWNTs were 

incorporated in the blends in the presence of PP-g-MA. Moreover, all these compositions were 

prepared either following ‘protocol 1’or via ‘protocol 2’. It is envisaged that the modification of 

MWNTs with Li-AHA leads to smaller ‘agglomerates’ of MWNTs along with ‘individualized’ 

MWNTs during melt-mixing [27]. Further, the addition of PP-g-MA may not only improve the 

interfacial interaction between the phases, but also interact with the Li-AHA modified MWNTs. 
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Moreover, the two sequences may also improve the interaction between the corresponding phase 

and MWNTs, thereby may retain a higher fraction of MWNTs in the respective phase. In view of 

this, it is necessary to understand the effect of the addition of the individual components in the 

neat blend as well. It is to be noted that the variation in Tc in the respective phase (PP as well as 

PA6 phase) in the blend with MWNTs has been considered as a signature for hetero-nucleating 

action during non-isothermal crystallization studies. Further, the effectiveness of the hetero-

nucleating action of MWNTs may depend on the ‘agglomerates’ or ‘individualized’ MWNTs 

dispersion in the blend. Moreover, polymer wrapping (viz., in case of PA6 or due to melt-

interfacial reaction in the presence of PP-g-MA) on MWNTs may eventually lower the extent of 

hetero-nucleating action of MWNTs. 

Fig. 3 (a) depicts Tc of PP and PA6 phase in neat 50/50 (wt/wt) PP/PA6 blend and the 

corresponding blends in the presence of the organic modifier (Li-AHA), PP-g-MA and in the 

presence of both Li-AHA and PP-g-MA. It is observed that in the presence of Li-AHA, Tc of the 

PP phase exhibits a shift at higher temperature in 50/50 (wt/wt) PP/PA6 blend than neat PP but 

lower than neat PP/PA6 blend. The extent of hetero-nucleating action of the PA6 phase may be 

decreased due to the plasticization and/or chain scission of the PA6 phase in the presence of Li-

AHA like molecule [32, 33]. Further, Li-AHA may also plasticize PP phase as well [28]. In the 

presence of the compatibilizer (PP-g-MA), PP phase shows an enhanced Tc as per our earlier 

observation. In the presence of both Li-AHA and PP-g-MA, the crystallization behaviour of the 

PP phase shows a similar behaviour as that of the corresponding blend without the addition of 

the compatibilizer, which suggests the dominant role of Li-AHA in delaying the rate of 

crystallization of the PP phase. On the other hand [Fig. 3 (b)], PA6 phase shows a decrease in the 

Tc irrespective of the compositional variation. Chain scission of the PA6 phase may occur in the 
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presence of Li-AHA, which may delay the rate of crystallization of the PA6 phase marginally. In 

addition, PP-g-MA may as well delay the rate of crystallization of the PA6 phase due to the melt-

interfacial reaction, between maleic anhydride functionality of PP-g-MA and the amine end 

group of the PA6 phase. 

Fig. 3 (c) and (d) show the morphology of the neat 50/50 (wt/wt) PP/PA6 blend and 

50/50 (wt/wt) PP/PA6 blend with 5 wt% of Li-AHA. The morphology is partially co-continuous 

along with the presence of few PA6 droplets in 50/50 PP/PA6 blend. In the presence of Li-AHA 

[fig. 3 (d)], PA6 domains are appeared to be elongated and eventually form coarse co-continuous 

structure. The broad ligament thickness associated with the PA6 phase manifests the 

plasticization and/or chain scission phenomenon of the PA6 phase in the presence of Li-AHA. 

On the other hand, the addition of PP-g-MA leads to the change in the type of phase 

morphology, wherein PA6 phase forms finer droplets in the continuous PP phase [fig. 3(e)]. This 

indicates the compatibilization action of PP-g-MA in the blend. This type of behaviour was 

earlier reported by Ohlsson et al. and Roeder et al. in case of PA6 and styrene/ethylene-co-

butylene/styrene grafted with maleic anhydride (SEBS-g-MA) [34, 35]. Fig. 3 (f) shows the 

morphology of 50/50 (wt/wt) PP/PA6 blend in the presence of Li-AHA and PP-g-MA. Fully 

developed co-continuous structure is observed, wherein plasticization and/or chain scission of 

the PA6 phase along with melt-interfacial reaction induced by PP-g-MA may tune the phase 

morphology. Moreover, the co-continuous morphology is finer as compared to the addition of 

Li-AHA incorporated neat blend. 

Fig. 4 (a) exhibits the crystallization exotherms of the PP phase in PP/PA6 blend in the 

presence of pristine MWNTs prepared via ‘protocol 1’ and ‘protocol 2’. In the presence of 

pristine MWNTs, PP phase shows an enhanced Tc irrespective of the processing protocol 
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suggesting the hetero-nucleating action of MWNTs. However, some of the blend compositions 

show a lesser extent of hetero-nucleating action of MWNTs. This may be due to the retention of 

a major fraction of MWNTs during melt-mixing in the PA6 phase due to the lower surface 

energy difference between PA6 and MWNTs. This observation has been manifested in lower Tc 

of the PP phase of the blends, which have been prepared via ‘protocol 2’ as compared to the PP 

phase of the corresponding blends prepared via ‘protocol 1’. Further, some of the blend 

compositions also show a small crystallization peak at ~ 134 °C, which will be discussed later.  

Fig. 4 (b) shows the crystallization exotherms of the PA6 phase in PP/PA6 blend with 

pristine MWNTs prepared via ‘protocol 1’ and ‘protocol 2’. PA6 phase exhibits double 

exothermic crystallization peak on incorporation of pristine MWNTs. Crystallization peak 

observed at higher temperature is due to the ‘trans-lamellar crystalline’ structure of the PA6 

phase induced by the ‘individualized’ MWNTs due to the lattice matching between PA6 and 

MWNTs. Such observations were earlier reported by Phang et al. [36] and Leibler et al. [37].The 

‘trans-lamellar crystalline’ morphology manifests in higher Tc as compared to the bulk Tc of the 

PA6 phase, which also shows the hetero-nucleating action of the ‘agglomerated’ MWNTs [38]. 

The peak observed at lower temperature is due to the bulk crystallization of PA6 phase in the 

presence of ‘agglomerated’ MWNTs. No significant variation in the peak position is observed in 

the blend prepared via different processing protocol; however, variation in the intensity ratio of 

the crystallization peaks is observed in various compositions, which is analyzed in the 

subsequent section. 

Fig. 4 (c) depicts the crystallization exotherms of the PP phase in PP/PA6 blend with m-

MWNTs prepared via ‘protocol 1’ and ‘protocol 2’. It is to be noted that the blend with m-

MWNTs irrespective of their protocol of mixing sequence shows a decrease in Tc of the PP 
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phase as compared to blend with pristine MWNTs. A similar behaviour is also observed in neat 

blend in the presence of Li-AHA [Fig. 3 (a)]. Further, it is also observed that the PP phase of the 

blend prepared via ‘protocol 2’ exhibits a higher Tc as compared to the PP phase of the blend 

prepared via ‘protocol 1’ in the presence of m-MWNTs. This observation may be explained on 

the basis that a fraction of ‘exfoliated’ MWNTs might have migrated from the PA6 phase to the 

PP phase, hence might have increased the number of hetero-nucleating sites as compared to the 

blend with pristine MWNTs prepared via ‘protocol 2’. 

Fig. 4 (d) presents the crystallization exotherms of the PA6 phase in PP/PA6 blend with m-

MWNTs prepared via ‘protocol 1’ and ‘protocol 2’. PA6 phase exhibits double exothermic 

crystallization peak as discussed earlier. However, no significant change is observed in the peak 

position due to different mixing sequences and due to the variation in the blend composition.  
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Figure 3: Crystallization exotherms of (a) PP and (b) PA6 phase in 50/50 (wt/wt) PP/PA6 

blend with 5 wt% Li-AHA, 5 wt% PP-g-MA and (5+5) wt% of Li-AHA+PP-g-MA; SEM 

investigation of (c) neat 50/50 (wt/wt) PP/PA6 blend, (d) blend in the presence of Li-AHA, 

(e) blend in the presence of PP-g-MA, (f) blend in the presence of PP-g-MA and Li-AHA 
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Figure 4: Crystallization exotherms of PP and PA6 phase in the PP/PA6 blend with (a, b) 

pristine MWNTs, (c, d) m-MWNTs,(e, f) PP-g-MA and pristine MWNTs, (g, h) PP-g-MA 

and m-MWNTs 
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Fig. 4 (e) and (g) exhibit the crystallization exotherms of the PP phase in PP/PA6 blend with 

pristine as well as with m-MWNTs in the presence of PP-g-MA prepared via ‘protocol 1’ and 

‘protocol 2’. In the presence of PP-g-MA, blend with pristine as well as m-MWNTs show higher 

Tc of the PP phase as compared to the corresponding uncompatibilized blend. This observation 

may be explained on the basis of the compatibilization action of PP-g-MA, which may not allow 

a majority fraction of MWNTs to migrate to the PA6 phase during melt-mixing. Further, blend 

prepared via ‘protocol 1’shows a higher Tc of the PP phase as compared to the blend prepared via 

‘protocol 2’ in the presence of pristine MWNTs and PP-g-MA, which may be explained on the 

basis that Li-AHA may engage in reacting with PP-g-MA, hence, a majority fraction of m-

MWNTs migrating to the PP phase could be prevented. Moreover, in case of blend with PP-g-

MA and pristine MWNTs, a shoulder near the first crystallization peak is observed. This peak is 

also observed in case of uncompatibilized blends with pristine MWNTs [Fig. 4 (a)]. This may be 

due to the fractionated crystallization of the PA6 droplets, which earlier has been observed in 

case of partially co-continuous morphology and ‘matrix dispersed-droplet’ morphology [3, 7, 39-

41]. In the presence of pristine MWNTs, partially co-continuous morphology along with sub-

inclusions of PA6 droplets has been observed [Fig. not shown here]. In the presence of a 

compatibilizer, this effect can be more prominent as the average droplet size of the PA6 phase 

may decrease significantly, which cannot crystallize at the bulk crystallization temperature [Fig. 

not shown here]. In the presence of m-MWNTs (for both uncompatibilized and compatibilized), 

this peak is not observed. Moreover, in the presence of m-MWNTs, well developed co-

continuous morphology is observed as compared to the blends with pristine MWNTs. Hence, 

fractionated crystallization of PA6 could not occur due to unavailability of the PA6 phase as sub-

micron size droplets. In the presence of m-MWNTs, blend prepared via ‘protocol 2’ shows 
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higher Tc of the PP phase as compared to the blend prepared via ‘protocol 1’, which is similar to 

Fig. 4 (c). 

Fig. 4 (f) and (h) show the crystallization exotherms of the PA6 phase in PP/PA6 blend with 

pristine and m-MWNTs in the presence of PP-g-MA prepared via ‘protocol 1’ and ‘protocol 2’. 

In the presence of PP-g-MA, blend with pristine MWNTs shows a decrease in both Tc1 and Tc2 

corresponding to the PA6 phase in the blend prepared via ‘protocol 1’as compared to 

corresponding uncompatibilized blend. However, Tc1 corresponding to the PA6 phase increases 

in the blend with PP-g-MA and pristine MWNTs in case of blend prepared via ‘protocol 2’. In 

the presence of PP-g-MA, blend with m- MWNTs does not exhibit any significant change in Tc1 

and Tc2 corresponding to the PA6 phase as compared to the corresponding uncompatibilized 

blend. The above observation may be rationalized by the fact that the extent of melt-interfacial 

reaction would be different due to the different protocol of mixing and also due to the different 

extent of reaction between Li-AHA and PP-g-MA and/or PA6 phase. 

 

Figure 4: Crystallization temperature of the PP phase with increasing concentration of the 

PA6 phase in the blends prepared via ‘protocol 1’ and protocol 2’ 

 

Page 18 of 45Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



19 
 

Fig. 4 shows the variation in the crystallization temperature of the PP phase with 

increasing concentration of the PA6 phase in the blend, wherein the individual effect of PP-g-

MA, pristine MWNTs, m-MWNTS, pristine MWNTs and m-MWNTs in the presence of PP-g-

MA has been studied for the blends prepared via ‘protocol 1’ and ‘protocol 2’. It is observed that 

Tc of the PP phase is almost independent of the blend composition. However, the effect of the 

individual component is quite significant. The compatibilized blend shows much higher Tc as 

compared to uncompatibilized neat blend. However, for other cases, effect of different sequences 

is not that significant. 

 

Figure 5: Crystallization peak intensity ratio (H1/H2) of the PA6 phase with increasing 

concentration of the PA6 phase in the blend prepared via (a) ‘protocol 1’and (b) ‘protocol 

2’ 

Fig. 5 shows the crystallization peak intensity ratio (H1/H2) of the PA6 phase with 

increasing concentration of the PA6 phase in case of blends prepared via ‘protocol 1’ and 

‘protocol 2’. The effect of addition of pristine and m-MWNTs has been studied in the presence 

and absence of PP-g-MA. In all the cases, blends prepared via ‘protocol 1’ show a  decrease of 

H1/H2 value with increasing concentration of the PA6 phase in the blend, however in case of 

blends prepared via ‘protocol 2’, the corresponding ratio  increases with increasing concentration 
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of the PA6 phase in the corresponding blends. This may be due to the fact that ‘trans-lamellar 

crystalline’ structure formation is favoured in case of blends prepared via ‘protocol 2’, wherein 

MWNTs were initially mixed with the PA6 phase. The ‘trans-crystalline’ structure formation of 

the PA6 phase in the presence of MWNTs has earlier been reported by Leibler et al. [37]. 40/60 

(wt/wt) PP/PA6 blend with pristine MWNTs prepared via ‘protocol 2’ shows the lowest value of 

H1/H2 ratio. The corresponding blend with m-MWNTs (in the presence and the absence of PP-g-

MA) shows higher value of H1/H2. This may be due to the crystal lattice matching between PA6 

and MWNTs where the PA6 chains stack perpendicularly to the individualized MWNTs surface, 

with the polyamide chains parallel to the axis of the MWNTs [37]. This observation also 

suggests the localization of higher fraction of ‘individualized’ MWNTs in the 40/60 (wt/wt) 

PP/PA6 blend. In the presence of m-MWNTs, Li-AHA molecules, which adsorbed on the 

surface of MWNTs, might engage in the melt-interfacial reaction between PA6 chains and the 

amine group of Li-AHA. In the presence of PP-g-MA, higher fraction of PA6 chains may also 

interact with the maleic anhydride functionality of PP-g-MA, which may hinder the induction of 

‘trans-crystalline lamellar’ structure formation. Thus, the corresponding H1/H2 value might be 

higher in case of  PP/PA6 blend with m- MWNTs (in the presence and absence of PP-g-MA) as 

compared to the corresponding blend with pristine MWNTs. 

 TEM investigation has been carried out for representative blend samples and it has been 

demonstrated that considerable amount of MWNTs are migrating from one phase to the other 

phase irrespective of the mixing sequence Fig. 6 depicts the TEM micrographs of 50/50 (wt/wt) 

PP/PA6 blends with pristine MWNTs prepared via (a) 'protocol 1' and (b) 'protocol 2'. PA6 phase 

has been stained using RuO4. From the micrographs, it is evident that MWNTs could be observed 

in both the phases irrespective of the mixing protocol. 
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Figure 6: TEM micrographs of blends of 50/50 PP/PA6 (wt/wt) blend with 5 wt% 

MWNTs prepared via a) ‘protocol 1’ b) ‘protocol 2’  Full width at half maxima (FWHM) of 

PP crystallization exotherm was calculated to estimate the crystal size distribution of the PP 

phase as a function of blend composition. FWHM value of pure PP and the neat 50/50 blend of 

PP/PA6 are 4.04 °C and 3.2 °C respectively. Fig. 7 depicts the FWHM of PP with increasing 

content of the PA6 phase for the blends prepared via (a) 'protocol 1' and (b) 'protocol 2'. In case 

of PP/PA6 blends with pristine/m-MWNTs in the presence and in the absence of PP-g-MA, the 

distribution is almost independent of the blend compositions in most of the cases. However, 

blends with pristine MWNTs exhibit higher FWHM values as compared to other blend samples. 

This suggests smaller crystal size distribution in the presence of pristine MWNTs. Blends with 

m-MWNTs along with PP-g-MA exhibit highest crystal size distribution amongst all the blend 

samples. However, blends with only m-MWNTs and blends with pristine MWNTs along with 

PP-g-MA show intermediate values of FWHM of PP. A similar trend is observed in case of 

blends prepared via ‘protocol 2’ [Fig. 7 (b)]. However, blends with pristine MWNTs show an 
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increasing crystal size distribution with increasing content of the PA6 phase. Moreover, blends 

with pristine MWNTs along with PP-g-MA exhibit a decrease in the crystal size distribution with 

increasing content of the PA6 phase. Highest crystal size distribution is observed in case of 

blends with m-MWNTs along with PP-g-MA, which is similar to the blends prepared via 

‘protocol 1’. 

 

 

Figure 7: FWHM of PP with increasing concentration of the PA6 phase in the blends 

prepared via (a) ‘protocol 1’ and (b) protocol 2’ 

 

d. Crystallization behaviour of PP/PA6 blends in the presence of MWNTs through WAXD 

analysis 

Fig. 8(a) shows wide angle X-ray diffraction pattern of neat PP, PP-g-MA and PA6. Neat 

PP shows α-crystalline phase, which exhibits the diffraction maxima at 2θ =14.06°, 16.89°, 

18.52°, 21.18° and 21.67°, corresponding to (110), (040), (130), (111) and (041) reflection 

planes. Neat PA6 shows α-crystalline phase, which shows the diffraction maxima at 2θ = 20.1° 

and 23.6°, corresponding to (200), (002)/(202) reflections. The metastable γ-form is also 

observed at 2θ = 21.5° corresponding to (001) plane. However, the peaks corresponding to PA6 
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phase overlap with (111) and (041) reflection planes of the PP phase, therefore, the contribution 

of the peaks in this region could not be considered. Fig. 8 (b) shows X-ray diffraction pattern of 

50/50 (wt/wt) PP/PA6 blend in the presence of pristine MWNTs. Incorporation of MWNTs does 

not affect the crystalline structure associated with the PP phase. A similar behaviour was 

reported by Park et al. for MWNTs reinforced PP composites [42]. Further, 50/50 (wt/wt) 

PP/PA6 blend shows a decrease in the intensity corresponding to (110) plane and an increase in 

the intensity corresponding to (040) plane as compared to pure PP indicating an enhanced 

orientation along the (040) plane. In the presence of pristine MWNTs, 50/50 (wt/wt) PP/PA6 

blend prepared via ‘protocol 1’ shows more oriented PP chains along (110) plane as compared to 

the corresponding neat blend, however, lower than pure PP or PP/MWNTs composites. This 

suggests that incorporation of PA6 facilitates the orientation along (040) reflection plane, 

however, the presence of MWNTs facilitates orientation of PP chains along the (110) plane. 

Moreover, the corresponding blend prepared via ‘protocol 2’ shows a decrease in the intensity 

corresponding to (110) plane as compared to blend prepared via ‘protocol 1’. In this case, 

pristine MWNTs were initially added to the PA6 phase thus, the fraction of the migrated 

MWNTs in the PP phase would be lesser than that of the blend prepared via ‘protocol 1’. 

Therefore, the effect of addition of PA6 phase dominates over the effect of the addition of 

MWNTs in case of blend prepared via ‘protocol 2’. Interestingly, addition of PA6 phase leads to 

β-crystal structure formation in the PP phase, which is indicated by the presence of 2θ peak at 

~16.0° and ~20.2° corresponding to (300) and (301) reflection plane respectively. Incorporation 

of pristine MWNTs in the blend could enhance the β-crystal structure formation and the effect is 

more prominent in case of blend prepared via ‘protocol 1’. However, β-phase formation is 

observed only in the ‘skin’ side of the injection molded samples. In the ‘core’ side of the sample, 
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it is not significant. Intensity corresponding to the α-phase is also lower in the ‘core’ side as 

compared to the ‘skin’ side of the blend sample. It is envisaged that injection molding process 

leads to higher orientation of the polymer chains in the ‘skin’ side of the sample due to 

differential cooling of the melt in the ‘skin’ and the ‘core’ side of the sample. This may enhance 

the growth of α-fraction of the PP phase towards a specific reflection plane in the ‘skin’ side of 

the sample. The same explanation may be extended for the β-phase formation of the PP phase in 

the ‘skin’ side of the sample. It is also to be noted that the signature due to β-crystal structure 

formation was not evident in the DSC analysis as ‘extrudate’ sample was investigated. 

 

Figure 8: WAXD pattern of: (a) neat PP and neat PP-g-MA, (b) PP, PP/MWNTs, PP/PA6 

blend and PP/PA6 blend with pristine MWNTs 

Fig. 9 (a) depicts the X-ray diffraction pattern of PP/PA6 blend with MWNTs of varying 

blend composition prepared via ‘protocol 1’ and ‘protocol 2’. In case of blend prepared via 

‘protocol 1’, peak intensity corresponding to (110) and (040) plane increases with increasing 

content of the PP phase. However, in case of blend prepared via ‘protocol 2’, intensity 

corresponding to (110) plane remains almost constant, whereas, intensity corresponding to (040) 

plane increases with increasing content of the PP phase. Further, blend prepared via ‘protocol 1’ 
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shows higher intensity for β peak corresponding to (300) plane as compared to the corresponding 

blend prepared via ‘protocol 2’, which suggests an alteration of viscosity ratio in the blend 

prepared via ‘protocol 1’ and higher fraction of PA6 phase may as well involve in the ‘skin’ side 

along with MWNTs. Fig. 9 (b) shows the X-ray diffraction pattern of PP/PA6 blend with m- 

MWNTs as a function of varying blend composition prepared via ‘protocol 1’ and ‘protocol 2’. It 

shows that incorporation of m-MWNTs affects the crystalline structure of the PP phase in a 

blend in a similar fashion in the blend with pristine MWNTs.  

 

Figure 9: WAXD pattern of PP in 50/50 (wt/wt) PP/PA6 blend with (a) pristine MWNTs, 

(b) m- MWNTs, (c) pristine MWNTs and PP-g-MA,(d) m-MWNTs and PP-g-MA 

Fig. 9 (c) and (d) exhibit the X-ray diffraction pattern of sequentially mixed PP/PA6 

blend with pristine and m-MWNTs of different blend composition in the presence of PP-g-MA. 
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β-phase formation is not significant when PP-g-MA is incorporated into the system. In case of 

blend prepared via ‘protocol 1’, β-crystal structure formation is not observed in the presence of 

PP-g-MA irrespective of the blend with pristine/m-MWNTs. Further, a small signature of the β-

phase is observed in case of blend prepared via ‘protocol 2’. Moreover, in case of blend prepared 

via ‘protocol 2’, peak intensity corresponding to (040) plane is higher as compared to blend 

prepared via ‘protocol 1’.  

 

Figure 10: α -fraction corresponding to (040) and (110) plane of PP, PP with 5 wt% 

MWNTs and 50/50 (wt/wt) PP/PA6 blend  

 The relative content of α and β-crystal in the PP phase in the blend is calculated 

according to Turner–Jones formula [43], which has been described in the literature as follows: 

Kβ = 
����

����������	�����	����……………….. (1) 

where, H110, H040 and H130 are the intensity of the peaks corresponding to (110), (040) and (130) 

reflections of α-crystal of the PP phase, appearing at 2θ ~ 14.1°, 16.9°, and 18.5° respectively, 
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and H300 is the intensity of the (300) reflection of the β -crystal of the PP phase at 2θ ~ 16.0°. It is 

assumed that if β -crystal is absent in i-PP, Kβ= 0; if i-PP consists of 100% β-crystal, then Kβ= 1. 
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Figure 11: α-fraction  of the PP phase in PP/PA6 blends with pristine MWNTs prepared 

via (a) ‘protocol 1’ and (b) ‘protocol 2’;with m-MWNTs prepared via (c) ‘protocol 1’ and 

(d) ‘protocol 2’;with PP-g-MA and pristine MWNTs prepared via (e) ‘protocol 1’ and (f) 

‘protocol 2’; with PP-g-MA and m- MWNTs prepared via (g) ‘protocol 1’ and (h) ‘protocol 

2’ 

Fig. 10 depicts the α-fraction corresponding to (040) and (110) planes of neat PP, PP with 

5 wt% pristine MWNTs and 50/50 (wt/wt) PP/PA6 blend for the ‘skin’ and ‘core’ side of the 

injection molded samples. It is observed that α-fraction corresponding to (040) plane is lesser 

than α-fraction corresponding to (110) plane in both ‘skin’ side and ‘core’ side of neat PP. In the 

presence of MWNTs or PA6, α-fraction corresponding to (040) plane increases and (110) plane 

decreases in the ‘skin’ side. This suggests that in the presence of MWNTs or PA6, PP chains 

orient themselves along the (040) plane in the ‘skin’ side of the injection molded sample. 
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Figure 12: β-fraction of the PP phase in PP/PA6 blends with (a) pristine MWNTs (b) m- 

MWNTs (c) PP-g-MA and pristine MWNTs and (d) PP-g-MA and m-MWNTs prepared 

via ‘protocol 1’ and ‘protocol 2’ 

Fig. 11 (a) and (b) show the α-fraction corresponding to (040) and (110) planes in 

PP/PA6 blend with pristine MWNTs as a function of blend composition. It is observed that for 

the ‘skin’ side, α-fraction corresponding to (040) plane is higher than (110) plane and for the 

‘core’ side, α-fraction corresponding to (040) plane is lesser than (110) plane. With increasing 

concentration of the PP phase, α-fraction corresponding to (040) plane decreases and (110) plane 

increases for the ‘skin’ side of the sample. However, an opposite trend is observed for the ‘core’ 

side of the sample. A similar behaviour is observed in case of blend with m-MWNTs and also in 

the blend with pristine/m-MWNTs in the presence of PP-g-MA [Fig 11 (c), (d), (e), (f), (g), and 

(h)]. However, the difference between the two sequences is quite significant. In all the cases, 

‘protocol 2’ leads to the majority of the PP chains to be oriented along a preferred direction 

[(040) plane in case of the ‘skin’ side and (110) plane in case of the ‘core’ side], whereas, blends 

prepared via ‘protocol 1’ lead to a similar extent of orientation of the PP chains in two different 

planes as observed from the α-crystal fraction calculation of the PP phase in both the planes. 

Based on the above observations, it may be commented that the orientation of the PP chain is 

predominantly influenced by the viscosity ratio of the blend; the lower viscous phase may tend to 

form the ‘skin’ in the injection molded sample. 

Fig. 12 (a) and (b) show the β-crystal fraction (Kβ) in case of blend with pristine MWNTs 

and m-MWNTs. Kβ increases with increasing content of the PP phase in the blend with pristine 

MWNTs. However, in the presence of m-MWNTS, blends prepared via ‘protocol 1’ show higher 

β-crystal fraction as compared to the corresponding blends prepared via ‘protocol 2’. β-peak 

corresponding to the PP phase disappears in the majority of the blends prepared via ‘protocol 1’ 

(appears only in case of 40P5g5C60N) on incorporation of PP-g-MA [Fig. 12 (c)]. Further, β- 
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peak is observed in the blends prepared via ‘protocol 2’ (except 40P5g5C60N composition), 

however, Kβ is much lesser as compared to the corresponding uncompatibilized blend. A similar 

trend is observed in case of blend with PP-g-MA and m-MWNTs [Fig. 12 (d)]. In the presence of 

PP-g-MA along with m-MWNTs, only the blends prepared via ‘protocol 2’ show β-crystal 

structure formation, however, the value is much lesser (0.1) than the corresponding 

uncompatibilized blend. Therefore, presence of PP-g-MA could suppress the β-crystal structure 

formation to some extent. 

Crystal size for the (110) and (040) planes are calculated from the XRD data using Scherrer 

formula	� = 	 
.�

� ����,where t is the crystallite size in nm, β is broadening of diffraction line at full 

width at half maxima (FWHM), θ was obtained from corrected peak position, 2θ and λ is the 

wavelength of CuKα radiation i.e. 0.154 nm [44]. Instrumental broadening of the XRD peaks 

was corrected using the following equation: � = 	���� − ���, where βs is the system 

broadening, which is determined by polycrystalline silicon standard sample and βm is the 

broadening of the blend sample.  

 Crystal size of pure PP is 13.4 nm and 17.3 nm for the (110) and (040) crystal planes 

respectively. When PA6 is added to the PP phase [50/50 (wt/wt) PP/PA6 blends], the crystal size 

has increased to 15.8 nm and 22.9 nm respectively. Fig. 13 shows the crystal size of the PP phase 

with increasing concentration of the PA6 phase for (110) plane of PP  in the blends prepared via 

(a) ‘protocol 1’ and (b) protocol 2’ and for (040) plane of PP in the blends prepared via (c) 

‘protocol 1’ and (d) protocol 2’. The crystal size in the PP/PA6 blends with pristine/m-MWNTs 

in the presence or absence of PP-g-MA varies from 13-24 nm, which is almost invariant with the 

concentration of the PA6 phase. However, crystal size of the PP phase is at the lower end [13-18 

nm for (110) plane and 17-24 nm for (040) plane] in case of the blends prepared via ‘protocol 1’. 
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Blends prepared via ‘protocol 2’ exhibit the variation of the crystal size of PP, which lie between 

16-20 nm for (110) plane and (20-24) nm for (040) plane. Crystal size of the PA6 phase could 

not be calculated because the characteristic peaks of the PA6 phase merge with the (130) peak of 

the PP phase.  

 

Figure 13: Crystal size of the PP phase with increasing concentration of the PA6 phase for 

(110) plane of PP in the blends prepared via (a) ‘protocol 1’ and (b) protocol 2’ and for 

(040) plane of PP in the blends prepared via (c) ‘protocol 1’ and (d) protocol 2’ 

 

The strain could be estimated using the Williamson-Hall plots [44-45], however, in our 

case it has been analyzed with the two peaks corresponding to the PP phase. Rest of the peaks is 

overlapped with the peaks of both the PP and the PA6 phase. Therefore, the slope of the plot 
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could not provide us the accurate strain values and hence, the strain measurements are not shown 

in this paper. 

e. X-ray bulk texture analysis of PP/PA6 blends in the presence of MWNTs 

Fig. 14 exhibits the pole figures of X-ray bulk texture carried out for (110), (040), (130) 

and (041) crystalline planes of 50/50 PP/PA6 blends with pristine MWNTs. Pole figures for neat 

PP and neat 50/50 PP/PA6 blend are also plotted as references. In these figures, the extent of 

orientation of PP chains towards a specific crystalline plane is indicated through contour plot of 

varying colour, each contour level designates the extent of crystal texture. This point is brought 

out by the respective f(g)max values, which are listed in Table 2. All the figures are plotted in 

same scale. It is to be noted that intensity vs. 2θ diffraction pattern in WAXD analysis earlier 

indicates that the intensity corresponding to (110) crystalline plane is higher than the intensity 

corresponding to (040) crystalline plane while intensity of (040) crystalline plane is higher than 

the intensity corresponding to (130) crystal plane in case of neat PP [Fig. 8 (b)]. However, in 

case of neat blend as well as blend with MWNTs, the intensity corresponding to (040) crystalline 

plane becomes higher than both the intensity corresponding to (110) and (130) crystalline planes 

[Fig. 8 (b)]. A similar trend is observed from the respective pole figures as well [Fig. 13]. Neat 

blend of 50/50 PP/PA6 shows highest extent of crystal structure along (040) plane as compared 

to neat PP and 50/50 PP/PA6 blend with pristine MWNTs. However, in case of blend with 

pristine MWNTs, extent of orientation along (040) plane is lesser than that of the neat blend.  
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Figure 13: Pole figure of (040), (041), (110) and (130) crystalline planes for the PP phase of 

(a) neat PP (b) neat 50/50 (wt/wt) PP/PA6 blend, 50/50 (wt/wt) PP/PA6 blend with pristine 

MWNTs prepared via(c) ‘protocol 1’ and (d) ‘protocol 2’ 
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Figure 14: Pole figure of (040), (041), (110) and (130) crystalline planes for the PP phase of 

50/50 (wt/wt) PP/PA6 blend with  m- MWNTs prepared via (a) ‘protocol 1’ and (b) 

‘protocol 2’; with PP-g-MA and pristine MWNTs prepared via (c) ‘protocol 1’ and (d) 

‘protocol 2’; with PP-g-MA and m- MWNTs prepared via (e) ‘protocol 1’ and (f) ‘protocol 

2’ 
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Fig. 14 exhibits the pole figures of X-ray bulk texture carried out for (110), (040), (130) 

and (041) crystalline planes of the PP phase in 50/50 PP/PA6 blend with m-MWNTs in the 

presence and absence of PP-g-MA. All the samples exhibit weak crystallographic texture of the 

PP chains in all the four crystalline planes. All the samples exhibit higher extent of crystalline 

structure along (040) plane as compared to other crystallographic planes. In case of blend with 

m-MWNTs [Fig. 10 (a) and (b)], orientation along (040) plane is observed to be more in case of 

blend prepared via ‘protocol 2’. In case of blend with PP-g-MA (both with pristine and m-

MWNTs), the extent of orientation of the PP chains increases along (040) and (110) plane as 

compared to the corresponding uncompatibilized blends. Therefore, it is clear that the presence 

of PP-g-MA favours the α-crystal structure formation, henceforth, suppresses β-crystal formation 

in compatibilized blends.All the above observations are in accordance with the α-fraction plots, 

which has been discussed earlier [Fig. 11 (c)-(h)]. 

The texture indices are calculated from the orientation distribution function. Texture 

indices as represented as	� �������  has been considered as an indicator of relative anisotropy 

or texturing where, .	����is the orientation intensity and ��= 
�� !"!�"!"!#

$%#  in case of 

monoclinic PP [46-48]. The corresponding values of texture indices are summarized in Table 3. 

PP/PA6 blends with pristine MWNTs and PP-g-MA prepared via ‘protocol 2’ shows the most 

anisotropic structure. This may be due to the alteration of viscosity ratio of the blend phases, 

wherein the lower viscous phase may tend to form the ‘skin’ in the injection molded sample. 

PA6 phase is less viscous as compared to the PP phase. In case of blends prepared via ‘protocol 

2’, MWNTs are mainly in the PA6 phase and hence, enhancing the melt-viscosity of the PA6 

phase. However, in the presence of PP-g-MA, (wherein, PP-g-MA is incorporated in the PP 
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phase) the melt-viscosity of the PP phase is increased. PP chain is predominantly influenced by 

the viscosity ratio of the blend, all other samples exhibited similar values of texture indices. 

 Residual stresses of the blend samples were measured through standard d-Sin2ψ method 

[44,49-51]. The values are provided in Table 4. The normal stress (σ11) and shear stress (τ13) 

components of the residual stress tensor do not show any particular trend or effect of 

MWNTs/m-MWNTs. Fig. 15 shows a schematic representation of crystallization of PP chains in 

PP/PA6 blends with (a) pristine MWNTs (b) m- MWNTs (c) PP-g-MA and pristine MWNTs and 

(d) PP-g-MA and m-MWNTs prepared via ‘protocol 1’ and ‘protocol 2’. It exhibits the migration 

of MWNTs to one phase to another phase and also shows how the 'agglomerated'/'individualized' 

MWNTs act as a heteronucleating agent and affect the crystallization behaviour of the polymer 

chains and the growth of crystals.  

 

Page 36 of 45Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



37 
 

 

 

Page 37 of 45 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



38 
 

 

Figure 15: Schematic representations of crystallization of PP chains in PP/PA6 blends 

with (a) pristine MWNTs (b) m- MWNTs (c) PP-g-MA and pristine MWNTs and (d) 

PP-g-MA and m-MWNTs prepared via ‘protocol 1’ and ‘protocol 2’ 

Conclusions 

Crystallization studies have been carried out for 40/60-60/40 (wt/wt) PP/PA6 blends with 

pristine and m-MWNTs in the presence of the compatibilizer (PP-g-MA). In the presence of 

PA6, Tc of the PP phase has increased significantly indicating the hetero-nucleating action of the 

PA6 phase. Incorporation of pristine MWNTs in the blend has led to further increase in Tc of the 

PP phase. Further, the PA6 phase in the blend in the presence of MWNTs has exhibited double 

exothermic crystallization peak due to ‘trans-lamellar crystalline’ structure formation by the PA6 

phase on the ‘individualized’ MWNTs surface and also due to the hetero-nucleating action by 

‘agglomerated’ MWNTs. The formation of ‘trans-crystalline lamellar’ structure of the PA6 phase 

was facilitated in case of blends where MWNTs were initially added to the PA6 phase. The 

corresponding blend with m-MWNTs has shown a decrease in Tc of the PP phase as compared to 
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blend with pristine MWNTs both in the presence and the absence of PP-g-MA. Incorporation of 

PP-g-MA has led to higher Tc of the PP phase as compared to uncompatibilized blend. A second 

crystallization peak near to the PP phase in some of the blend compositions has been observed 

due to the fractionated crystallization of the PA6 droplets in the presence of PP-g-MA. 

WAXD analysis has shown that addition of PA6 phase has facilitated the orientation of 

the PP chains along the (040) reflection plane, whereas the presence of MWNTs has oriented the 

PP chains along the (110) reflection plane. Further, incorporation of the PA6 phase has led to β-

crystalline structure formation of the PP phase which has been indicated by the diffraction peak 

at 2θ~ 16° and ~20.2° corresponding to the (300) and (301) reflection plane. Incorporation of 

pristine/m-MWNTs in the PP/PA6 blend has retained the β-crystal structure formation. 

However, β-phase formation was observed only in the ‘skin’ side of the injection molded 

samples. In the ‘core’ side it was absent. Further, intensity of α-peaks was lower in the ‘core’ 

side than the ‘skin’ side of the sample. The addition of PP-g-MA has suppressed the β-crystalline 

structure formation. Further, X-ray bulk texture analysis has confirmed that incorporation of PA6 

and MWNTs has affected the orientation of the PP chains along preferred directions and the 

experimental observations were in accordance with the WAXD analysis. 

In brief, the crystallization behaviour of the PP as well the PA6 phase has been 

significantly influenced by the presence of MWNTs in the blend. This has manifested in 

variation of Tc, α-crystalline fraction, β-fraction and the orientation of the PP phase towards a 

specific crystalline plane in the blend prepared via a specific mixing sequence. Moreover, it has 

also manifested in a variation of H1/H2 ratio of the double exothermic crystallization peak of the 

PA6 phase in the blend prepared via a specific mixing sequence. 
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Table 1: Sample Codes along with the compositions of PP/PA6 blend with pristine and m-

MWNTs in the presence and the absence of PP-g-MA 

CODE 
PP (P) 

wt% 

MWNT (C) 

wt% 

Li-AHA (L) 

wt% 

PP-g-MA 

(g) wt% 

PA6 (N) 

wt% 

Samples prepared by sequential mixing technique 

xN5CyP 
x(40-60) 5 

  
y(60-40) 

PA6 based sequence 

xP5CyN 
x(40-60) 5     y(60-40) 

PP based sequence 

xN5CL1yP 
x(40-60) 5 5   y(60-40) 

PA6 based sequence 

xP5CL1yN 
x(40-60) 5 5   y(60-40) 

PP based sequence 

xN5CyP5g 
x(40-60) 5   5 y(60-40) 

PA6 based sequence 

xP5g5CyN 
x(40-60) 5 

 
5 y(60-40) 

PP based sequence 

xN5CL1yP5g 
x(40-60) 5 5 5 y(60-40) 

PA6 based sequence 

xP5g5CL1yN 
x(40-60) 5 5 5 y(60-40) 

PP based sequence 
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Table 2: f(g)max and f(g)min values of the various compositions of PP/PA6 blend with pristine 

and m-MWNTs in the presence and the absence of PP-g-MA obtained from pole figure 

 

Sample Code f(g)max f(g)min 

PP 2.592 0.115 
50P50N 2.438 0.069 

50P5C50N 2.156 0.119 
50N5C50P 2.201 0.105 

50P5CL150N 2.017 0.169 
50N5CL150P 2.171 0.122 
50P5g5C50N 2.748 0.14 
50N5C50P5g 4.807 0.123 

50P5g5CL150N 1.914 0.108 
50N5CL150P5g 2.341 0.137 

 

Table 3: Texture Index  values of the various compositions of PP/PA6 blend with pristine 

and m-MWNTs in the presence and the absence of PP-g-MA 

 

 

Sample Code Texture Index 

PP 3.5 
50P50N 3.4 

50P5C50N 2.4 
50N5C50P 2.7 

50P5CL150N 2.8 
50N5CL150P 3.3 
50P5g5C50N 3.0 
50N5C50P5g 9.0 

50P5g5CL150N 2.5 
50N5CL150P5g 3.0 

 

Table 4: Residual stress values of the various compositions of PP/PA6 blend with pristine 

and m-MWNTs in the presence and the absence of PP-g-MA 
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110 plane 040 plane 130 plane 041 plane 

 
σ11(MPa) 

τ13(MPa
) 

σ11(MPa) 
τ13(MPa

) 
σ11(MPa) 

τ13(MPa
) 

σ11(MPa) 
τ13(MPa

) 

PP 4.5 0.6 -3.1 0.0 5.4 1.2 13 1.1 

50P50N 11.5 1.4 24.1 2.8 5.7 0.8 12.6 1.5 

50P5C50N 7.0 1.5 9.8 1.6 7.7 2.0 24.2 9.4 

50N5C50P 7.4 1.3 6.1 1.0 7.7 1.7 22.2 3.7 

50P5CL150N 20.4 3.4 -4.2 0.8 35.3 4.4 21.8 3.2 

50N5CL150P 12.2 1.2 11.7 2.1 29.3 3.8 14.9 1.5 

50P5g5C50N 20.2 4.2 9.6 1.6 56.1 16.9 58.8 11.5 

50N5C50P5g 49.1 13.0 73 12.7 59.4 12.8 26.5 4.3 

50P5g5CL150N 16.6 2.7 18.3 3.9 -6.0 2.9 65.2 8.5 

50N5CL150P5g 8.0 1.4 35.8 7.1 53.3 6.7 64.4 9.3 
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