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Highlights 

 

• Replacing PP with MAPP in 50/50 w/w blend composites with different amounts of wood  

 

powder (WP). 

 

• Separation between PP and MAPP crystallization more resolved with increasing WP  

 

content. 

 

• Cooling rate had a stronger influence on MAPP than on PP crystallization in the presence of  

 

WP. 

 

•Replacement of PP with MAPP in the blend composites had an appreciable influence on the  

 

tensile properties. 

 

 

Abstract 

The morphology and properties of blends of PP/HDPE and MAPP/HDPE blends, and their 

composites with wood powder, were investigated in this paper. The blends showed two-phase 

morphologies, and MAPP interacted better than PP with HDPE, while the WP interacted 

more strongly with MAPP. Although the different components in the blends were immiscible, 

they showed one crystallization peak. MAPP and HDPE showed separate crystallization 

peaks in the composites, and this separation of the crystallization became more resolved with 

increasing WP content and at lower cooling rates. This was also observed for PP and HDPE 
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in their composites, but to a lesser extent. Young’s modulus increased and the stress at break 

decreased with increasing WP content, and these were more pronounced in the PP/HDPE/WP 

composites. Interaction between WP and MAPP also had an influence on elongation at break. 

The presence of WP increased the thermal stability of the MAPP/HDPE and PP/HDPE. 

 

Keywords: PP/HDPE; MAPP/HDPE; wood powder; composites; thermal properties; 

mechanical properties 

 

1. Introduction 

 

The demand for polymers with new properties can be met by blending two or more existing 

polymers. High-density polyethylene (HDPE) and propylene (PP) are abundant, cheap and 

can be easily processed; as a result, the binary blends of PP and HDPE have been investigated 

by a number of researchers [1-7]. HDPE has a low temperature impact resistance while PP 

has low impact strength. Theoretically, blends of PP and HDPE should provide blends with 

improved impact strength. However, due to the difference between the melting temperatures 

of PP and HDPE, blending of the two polymers results in immiscible blends with poor 

physical and mechanical properties [6-13]. For this reason, a compatibilizer is often used to 

promote compatibility between the two polymers [8].   

 Another method of improving the properties of polymers is by adding inorganic fillers 

such as clay, CaCO3 and carbon black to form polymer composites [9]. Natural fibres are also 

used as polymer fillers due to their properties such as low density, biodegradability, 

recyclability and their abundance [10-12]. Most polymers are incompatible with natural 

fillers, and compatibilizers such as maleated PP (MAPP) are used to promote interfacial 

adhesion between the polymer and natural fillers, resulting in polymer composites with better 

properties [8,13,14]. 

 New materials can also be developed by mixing two polymers and one filler. For this 

ternary system, addition of a suitable compatibilizer is still essential. The presence of 

maleated polyethylene (MAPE) or MAPP in a PP/HDPE/clay blend composite significantly 

improved the mechanical properties [15,16]. The interactions between the filler particles and 

the two polymers in the blend may result in three different morphologies depending on the 

affinity towards the polymers. The filler may disperse in one polymer, or in both polymers, or 
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at the interface between the two polymers [17]. The selective distribution of the fillers has an 

effect on the crystallization behaviour and other properties of ternary composites [18]. 

 The addition of the fillers to a polymer increases the polymer’s crystallization 

temperature due to the filler’s nucleating ability [19]. The crystallization temperature also 

depends on the structure and crystallization rate of the polymer [20]. Carbon nanotubes 

[21,22], nanoclay [23,24] and wood powder [25] were found to have no influence on HDPE 

crystallization behaviour, but a reasonable increase in crystallization temperature was reported 

when fillers were added to PP [25].  At high cooling rates, PP/HDPE blends and 

PP/HDPE/clay composites showed similar crystallization behaviour, resulting in one broad 

exothermic peak [15,26]. Decreasing the cooling rate to 1 °C min
-1

 resulted in two separate 

crystallization peaks. The higher temperature exotherm was associated with the crystallization 

of PP due to the nucleation effect of clay, while the other exothermic peak (still in its original 

position) was associated with HDPE crystallization. 

 In most studies where MAPP was used, it was used in small amounts and as a 

compatibilizer.  Our interest was to explore the possibility of using MAPP as a significant part 

of the polymer matrix, and comparing the properties of these blends and composites with 

those of composites with the same compositions, but where PP was used instead of MAPP.   

Wood powder was chosen as natural fibre filler because of its easy processing and 

environmental friendliness.  To our knowledge there are only a few reports on similar systems 

[27-30].  

 The current study focused on a comparison of the properties of PP/HDPE and 

MAPP/HDPE blends, and on the composites formed when these blends were mixed with 

different amounts of wood powder (WP). Of special interest in this study was the influence of 

cooling rate on the crystallization and thermal behaviour of these blends and composites. 

 

2. Materials and methods 

 

2.1 Materials  

 

Maleic anhydride grafted polypropylene (MAPP), supplied by Pluss Polymers Pvt. Ltd. 

(India), has a density of 0.91 g cm
-3

, a melting point of 161 °C, a tensile strength of 24 MPa 

and a melt flow index (MFI) of 55 g/10min (190 °C, 2.16 kg). Polypropylene (PP), supplied 

by Sasol Polymers (Johannesburg, South Africa), has a density of 0.90 g cm
–3

, a melting point 
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of 165 °C, and an MFI of 12 g/10min (230 °C, 2.16 kg).  HDPE, supplied by Sasol Polymers 

(Johannesburg, South Africa), has a density of 0.956 g cm
-3

, a melting point of 136 °C, and an 

MFI of 2.0 g/10 min (190 °C, 5 kg). Pine wood powder (WP), or pine saw dust, was obtained 

from FBW Taurus (Phuthaditjhaba, South Africa). WP was supplied as a light orange 

coloured powder with a density of 1.5 g cm
-3

, and was dried at 120 °C for 48 hours. Particles 

with sizes  150 µm were obtained by sieving the dried WP using a laboratory test sieve of 

150 µm pore size. 

 

2.2 Preparation of blends and composites 

 

The blends and blend composites were weighed according to the required ratios (50/50/0, 

45/45/10, 40/40/20, 35/35/30 w/w PP/HDPE/WP and MAPP/HDPE/WP) to make up a total 

of 38 g (which is the mass required to thoroughly mix the different components in the 

Brabender Plastograph 50 mL internal mixer). Mixing of the samples was done at 180 °C and 

a mixing speed of 30 rpm for 15 minutes. The samples that were used for analysis were melt 

pressed at 190 °C and 100 bar for 3 minutes to form 1.5 mm thick sheets. The pressed 

samples were allowed to cool at room temperature for 10 minutes to avoid air from 

penetrating, which would promote the formation of bubbles. The neat polymers were treated 

in the same way. 

 

2.3 Blends and composites analysis 

 

The morphologies of the blends and the 40/40/20 w/w PP/HDPE/WP and 40/40/20 w/w 

MAPP/HDPE/WP blend composites were examined using a Shimadzu SSX-550 Superscan 

scanning electron microscope (SEM) (Bangkok, Thailand). The samples were immersed in 

liquid nitrogen before fracture, and the fractured surface was sputter coated with gold dust (60 

nm) before viewing. 

Fourier-transform infrared (FTIR) analyses were performed on the samples by using a 

Perkin Elmer Spectrum 100 FTIR spectrometer over a 400–4000 cm
–1

 wavenumber range at a 

resolution of 4 cm
–1

. 

 Differential scanning calorimetry (DSC) analyses were carried out in a Perkin Elmer 

DSC7 differential scanning calorimeter under flowing nitrogen (20 mL min
-1

). Two methods 

were used. In the first method, samples with masses of approximately 7.5 mg were heated 
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from 25 to 190 °C at a rate of 10°C min
-1

 to eliminate the thermal history, cooled to 25 °C at 

10 °C min
-1

, and reheated under the same conditions. The second method was the same as the 

first method, except that cooling was done at 2 °C min
-1

. Three different samples were 

analyzed for each composition, and the melting and crystallization data were obtained from 

the second scan. The average values and standard deviations of these values are reported.  

Tensile testing was performed under ambient conditions on a Hounsfield H5KS 

universal tester at a cross-head speed of 50 mm min
-1

. The tensile test specimens (gauge 

length 24 mm, width 5 mm, thickness 2 mm) were prepared using a dumbbell shaped hollow 

punch. Six samples per composition were analysed, and the average and standard deviation 

values are reported. 

 Thermogravimetric analyses (TGA) were carried out using a Perkin Elmer TGA7 

(Waltham, Massachusetts, USA). Samples with masses of approximately 10 mg were heated 

from 50 to 600 °C at a heating rate of 20 °C min
-1

 under flowing nitrogen (20 mL min
-1

).  

 

3. Results and discussion 

 

3.1 Scanning electron microscopy (SEM) 

 

The surface morphology of the samples was investigated through scanning electron 

microscopy (SEM) in order to relate the mechanical behaviour of the different blends and 

composites to their mechanical properties. The SEM images of the 50/50 w/w PP/HDPE 

blend, the 50/50 w/w MAPP/HDPE blend, and their composites with 20 wt.% WP are 

presented in Figure 1. Chiu et al. [16] observed two-phased morphology for the 50/50 w/w 

PP/HDPE blend. They reported that HDPE has a higher viscosity than PP and therefore 

HDPE was the dispersed phase and PP the continuous phase. However, Na et al. [31] 

observed elongated domains in the SEM images of 50/50 w/w PP/HDPE blends, and 

Clemmons [32] reported a co-continuous morphology in the 50/50 w/w PP/HDPE 

uncompatibilized blend, where the more ductile HDPE phase could be clearly distinguished 

from the PP phase. Although Figure 1(a) does not conclusively show the two phases, it looks 

(from the different shades of grey) as if this blend in our case has a co-continuous 

morphology, similar to the morphology described by Na et al. and Clemmons. Salih et al. 

[33] reported an interfacial adhesion between the dispersed domains and continuous phases in 
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an 80/20 w/w PP/HDPE blend, which could be the reason why we did not clearly distinguish 

the two phases in Figure 1(a). 

   

   

   

Figure 1 SEM images of the fractured surfaces of (a) 50/50 w/w PP/HDPE (600x), (b) 50/50 w/w 

MAPP/HDPE (200x), (c) 40/40/20 w/w PP/HDPE/WP (600x), (d) 40/40/20 w/w MAPP/HDPE/WP (600x), 

(e) 40/40/20 w/w PP/HDPE/WP (2000x), and (f) 40/40/20 w/w PP/HDPE/WP (2000x)  

 

The SEM images of the 40/40/20 w/w PP/HDPE/WP at 600x and 2000x magnifications 

are presented in Figures 1(c) and 1(e). There are fibre pull-outs and cracks around the WP 

particles in both images (see arrows), indicating that there was poor compatibility between the 
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hydrophobic PP and HDPE, and the hydrophilic WP in the absence of a compatibilizer. 

Figures 1(d) and 1(f) clearly show a much more intimate contact between the polymer matrix 

and the WP particles (see arrows). The WP particles were probably surrounded by MAPP, 

with strong hydrogen bonding between the –OH groups of the WP cellulose and the 

anhydride groups on MAPP. 

 

3.2 Fourier-transform infrared (FTIR) spectroscopy  

 

FTIR spectroscopy was used to confirm possible interactions between the different 

components in the blends and composites. All the FTIR spectra in Figure 2 have strong 

absorbance peaks around 2850 and 2910 cm
–1

 associated with the -CH asymmetric stretching 

in the polymers. The PP and MAPP spectra have a -CH stretch around 2960 cm
-1

, which is 

not present in the HDPE spectrum. This is due to the different ratios of CH2 to CH3 groups in 

the different polymers. The difference between the PP (Figure 2(a)) and MAPP (Figure 2(b)) 

spectra is that the MAPP spectrum has a characteristic absorption peak at 1740 cm
-1

 due to the 

symmetric -C=O stretching in the anhydride groups [34-37]. 

 Changes in the FTIR spectra of the blends and the composites may indicate a possible 

reaction or interaction taking place the two polymers and between the polymers and the filler. 

The spectra in Figure 2(a) show peaks for HDPE at 720 and 1740 cm
-1

. The peak at 720 cm
-1

 

is due to the -CH2 rocking vibrations, but the peak at 1740 cm
-1

 is normally associated with 

carbonyl groups and is not characteristic for HDPE. A possible explanation for this peak is the 

presence of an antioxidant in the commercially supplied HDPE. The PP spectrum shows an 

absorption around 1370 cm
-1

 and 3000 cm
-1

 due to -CH3 symmetric and asymmetric medium 

stretch vibrations. The HDPE and PP absorption peaks at 1460 cm
-1

 are assigned to the scissor 

modes of the-C-H stretching. The PP/HDPE blend spectrum has the all the peaks observed for 

neat PP and HDPE. There is no appearance, disappearance or shifting of the peaks in this 

spectrum, confirming the absence of any interaction between these two polymers. This is 

reasonable, as no interaction or reaction is expected between PP and HDPE. 

 The MAPP spectrum in Figure 2(b) has absorption peaks at 2960, 2920 and 1470 cm
-1

 

due to the asymmetric, symmetric and scissor modes of the –CH stretching.  It also has a 

characteristic absorption peak at 1740 cm
-1

 due to the symmetric -C=O stretching in the 

anhydride groups. The MAPP spectrum also shows an absorption at 1370 cm
-1

 due to the -

CH3 vibrations. In the spectrum of the MAPP/HDPE blend the carbonyl peak has almost 
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disappeared, which could have been the result of a reaction between the functional groups on 

MAPP and the antioxidant in HDPE. Such a reaction could negatively influence the 

interaction between MAPP and WP in the blend composites. 

 

 

Figure 2 FTIR spectra of the (a) PP/HDPE/WP and (b) MAPP/HDPE/WP systems 

 

 The most important peak in the WP spectrum (Figure 2(a)) is a strong, broad –OH 

stretching vibration in the range of 3300-3500 cm
-1

. The peak at 2910 cm
-1 

is due to -C-H 

stretching vibrations, while the peak at 1735 cm
-1

 is assigned to the -C=O unconjugated 

stretching of the carboxylic acid or ester of the hemicelluloses. The band at 1600 cm
-1

 is the –

OH bending vibration.  The peak around 1045 cm
-1

 is assigned to the –C-O stretching 

vibration of the acyl group present in the lignin [32,35]. 
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 The PP/HDPE/WP composite spectrum shows the peaks corresponding to the cellulosic 

filler. The –C=O group stretch slightly shifted from 1735 to 1745 cm
-1 

in the composite, while 

the –CH3 stretch vibrations at 2960 and 1380 cm
-1

 for PP shifted to 2945 and 1360 cm
-1

 

respectively in the blend composite. The positions of the characteristic peaks for PP remained 

the same in this spectrum. The observed shifts could be an indication of weak Van der Waals 

interactions between PP and WP.  

 

Figure 3 Schematic representation of possible mechanisms showing (a) interaction between MAPP 

and WP, and (b) reaction between MAPP and WP 

 

 In the FTIR spectrum of the MAPP/HDPE/WP composite, the MAPP carbonyl stretch 

has shifted from 1725 to 1716 cm
-1 

in the composite. The –CH3 stretch vibrations at 2960 and 

1370 cm
-1

 in MAPP shifted to 2935 and 1350 cm
-1

 in the blend composite, while the HDPE 

peaks were in the same positions as in the blend spectrum. The carbonyl peak around 1725 

cm
-1

 is very weak in both the MAPP/HDPE and MAPP/HDPE/WP spectra, and it is difficult 

to establish changes in the peak position and intensity that may point to an reaction/interaction 

between the functional groups in MAPP and WP, although a strong hydrogen bonding 
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interaction is at least expected between the oxygen of maleic anhydride the carbonyl group 

and the hydrogen of the cellulose hydroxyl group [38], see Figure 3(a). The peak at 1045 cm
-

1
, assigned to the -C-O stretching vibration of the acyl group in the lignin, is missing in the 

MAPP/HDPE/WP spectrum due to a possible reaction between the cellulose and the 

anhydride ring (Figure 3(b)). This is a well-established reaction [39-41] and the final products 

are an ester and reactive groups from carboxylic acids. The intensity of the hydroxyl and the 

acetyl bands is strongly reduced as the carboxylic acid groups increase due to the primary -

OH oxidation and/or the hydrolysis of acetyl groups from the hemicellulose. The –OH band 

reduction at 3400 cm
-1

 is also important as it shows the decrease in the polarity of lignin as 

the maleate or carbonyl groups replace the hydroxyl groups (Figure 3(b)). The appearance of 

the peak at 1740 cm
-1

 in the MAPP/HDPE/WP spectrum compared to that of the 

MAPP/HDPE blend indicates the presence of the carbonyl groups. 

 

3.3 Differential scanning calorimetry (DSC) 

 

3.3.1 Crystallization and melting behaviour of the neat polymers 

 

The DSC cooling curves of the neat polymers at 2 and 10 C min
-1

 are presented in Figure 

4(a), and the heating curves after cooling at these rates are presented in Figure 4(b). The 

crystallization and melting temperatures and melting enthalpies, as well as the respective 

polymer’s degrees of crystallinity (calculated by using Equation 1), are summarized in Tables 

1 and 2. 

 

χc = (Hm
exp

 / wHm
o
) x 100%  (1) 

 

where Hm
exp

 is the melting enthalpy obtained from the area under the melting peak of the 

polymer, Hm
o
 is the melting enthalpy for a 100% crystalline polymer (208.8 J g

-1
 for PP and 

MAPP, and 288.8 J g
-1 

for HDPE [5]), and w is the weight fraction of each polymer in the 

blends and composites. 

 It is interesting that PP and MAPP crystallizes at almost the same temperature as HDPE, 

despite the relatively large difference in the melting temperature of HDPE, and those of PP 

and MAPP. The degree of supercooling (ΔT) is defined as the difference between the melting 

peak temperature (Tm) and the crystallization peak temperature (Tc) [19]. ΔT for PP and 
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MAPP is approximately 53 °C, whereas that of HDPE is 24 °C. ΔT is proportional to the free 

energy of melting which is the driving force of nucleation. The large ΔT values for PP and 

MAPP indicate that it will take longer before MAPP and PP nucleate during dynamic cooling. 

The simple, linear structure of the HDPE chain is highly flexible above its glass transition 

temperature, and will therefore crystallize more easily than PP and MAPP with the –CH3 and 

other functional side groups. HDPE crystallizes more rapidly with less supercooling than PP 

and MAPP, which is the reason for the overlap in crystallization peaks of the two polymers in 

the respective blends. 

 

 

Figure 4  DSC (a) cooling and (b) heating curves of the neat polymers 

 

 Since the DSC is normally more sensitive at faster cooling/heating rates, and since all 

three polymers are known to have relatively fast crystallization rates, all the crystallization 
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peaks are more well-defined for a cooling rate of 10 C min
-1

. If one looks at the 

crystallization peak temperatures for HDPE, PP and MAPP at the two cooling rates, one 

observes that HDPE crystallized at a lower temperature than PP and MAPP when the cooling 

rate was low, but at a higher temperature when the cooling rate was higher. This is because 

HDPE has a lower steric hindrance to crystallization than PP and MAPP. It has been reported 

that polymers with symmetrical and short repeating chain segments crystallize faster than 

those with longer, unsymmetrical or branched repeating units [20]. 

 It is, however, interesting to see that the HDPE cooled at 10 C min
-1

 shows a sharper, 

more well-defined melting peak with a lower-temperature peak maximum than the sample 

cooled at 2 C min
-1

 (Figure 4(b)), indicating smaller crystallites with a narrower size 

distribution. Its total crystallinity also seems to be higher when cooled at a faster rate (Table 

1). This has previously been explained through secondary crystallization during faster cooling 

[19]. Secondary crystallization occurs when there may be inadequate time for complete 

spherulite development during the primary crystallization phase. Additional polymer chains 

continue to move onto existing crystals and crystallization continues beyond the primary 

phase, although at a slower rate. This results in a further increase in crystallinity after primary 

crystallization [19].  An increase in the Χc of HDPE during fast cooling can be attributed to 

secondary crystallization (see Table 1 and 2) as compared to slow cooling which is dominated 

by primary nucleation. 

 Although there are small differences in the shapes and sizes of the PP and MAPP 

melting peaks after cooling at the two different rates, the total crystallinity and crystal size 

distribution (as evidenced from the peak widths in Figure 3(b), and the melting temperature 

and crystallinity data in Tables 1 and 2) did not change as significantly as in the case of 

HDPE. A lower temperature ‘tail’ before the melting at 165 °C is observed when PP and 

MAPP were heated after cooling at both 10 and 2 C min
-1

. PP generally consists of a mixture 

of the α- and β-crystal phases [42]. The β-crystals and the small imperfect α-crystals normally 

melt in the 140-160°C temperature range, while the α-crystals melt at about 165°C [42]. The 

observed PP and MAPP melting peaks are probably the result of an overlap of these two 

melting events. 
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3.3.2  Crystallization and melting behaviour of the blends 

 

The cooling curves of the PP/HDPE and MAPP/HDPE blends at the two cooling rates are 

presented in Figure 5(a). In both blends the crystallization peaks of the two polymers overlap. 

Finlay et al. [43] studied slow cooled PP/HDPE blends and reported that the crystallization 

curves of iPP and HDPE overlap, making it difficult to resolve the two components. Lin et al. 

[1] reported that the crystallization peaks of PP and HDPE cannot be distinguished from each 

other due to the quick crystallization of HDPE. The blending of PP and HDPE apparently 

accelerates the heterogeneous nucleation of PP. For both cooling rates, once the HDPE 

nucleus is formed in the molten blends, the PP and MAPP molecules have the same mobility 

to enter the crystals and form a co-crystal morphology. For both cooling rates, there was a 

small decrease in the crystallinity of HDPE, but a fairly significant decrease in those of PP 

and MAPP (Tables 1 and 2). This is probably because HDPE will homonucleates first, 

followed by the heteronucleation of MAPP and PP on HDPE. The HDPE crystals probably 

impedes the mobility of the PP and MAPP chains, making it more difficult for the chains to 

arrange themselves into an ordered crystalline structure. Slow cooling of both blends resulted 

in an increase in the crystallization temperatures, because there is sufficient time for the 

heteronucleation process to start at higher temperatures. 

 The heating curves of the PP/HDPE and MAPP/HDPE blends cooled at different rates 

are shown in Figure 5(b). The blends, at both cooling rates, show two well resolved 

endothermic melting peaks corresponding to those of the PP or MAPP and HDPE phases.  

This confirms the immiscibility of the two polymers. The melting temperatures of HDPE, PP 

and MAPP in the blends did not significantly change from those of the neat polymers after 

cooling at 10 °C min
-1

. However, after cooling the blends at 2 °C min
-1

, the HDPE melting 

temperature decreased from 141 °C for the neat polymer to 136 °C for HDPE cooled in the 

presence of PP and MAPP. At the faster cooling rate, because HDPE crystallizes faster than 

PP or MAPP, the HDPE crystals had time to grow before transcrystallization of the PP or 

MAPP on the HDPE crystals. At the slower cooling rate heteronucleation took place and the 

HDPE crystal growth was impeded by the presence of PP or MAPP crystals. The smaller 

HDPE crystals gave rise to a lower melting temperature. 
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Figure 5 DSC (a) cooling and (b) heating curves of the blends 

 

 3.3.3 Crystallization and melting behaviour of the blend composites 

 

The cooling and re-heating curves of the blend composites with 20 and 30 % WP are 

presented in Figure 6. The first observation from Figure 6 (and Tables 1 and 2) is (i) that 

cooling at 2 C min
-1

 gave rise to two crystallization peaks for both PP/HDPE/WP and 

MAPP/HDPE/WP, (ii) that the two peaks were more resolved for MAPP/HDPE/WP, (iii) that 

they became even more resolved at the higher WP contents; and (iv) that cooling at 10 C 

min
-1

 gave rise to two peaks only for MAPP/HDPE/WP, and that the peaks are also more 

resolved at higher WP contents. Because of its preferential nucleation of PP and MAPP, the 

WP particles caused PP and MAPP to start crystallizing at higher temperatures, while they 
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had little influence on the HDPE crystallization, with the MAPP crystallizing at higher 

temperatures than the PP under the same analysis conditions because the WP obviously 

interacted more strongly with the MAPP. This stronger interaction with MAPP caused a 

separation of the crystallization peaks even at a higher cooling rate, while the interaction with 

PP was not strong enough to cause the PP to crystallize separately at 10 C min
-1

 cooling. 
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Figure 6 DSC (a,b) cooling and (c,d) heating curves of the blend composites 

 

 The second observation is that, in the case of PP/HDPE/WP, (i) the Tm of PP increases 

with increasing WP content, but only for the 2 C min
-1

 cooled samples, and (ii) the c of PP 

decreases with increasing WP content, but only for the 10 C min
-1

 cooled samples. The first 

observation may be explained through the formation of larger PP crystallites through its 

interaction with the WP particles during the slower cooling. During the faster cooling there 

was obviously not enough time for the crystallites, formed on the surfaces of the WP 

particles, to grow into larger crystallites. The decrease in total PP crystallinity with increasing 

WP content during faster cooling may be linked to a combination of transcrystallization of the 

PP on the WP surfaces and co-crystallization of the shorter PP chains with HDPE. 
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 The third observation is that, in the case of MAPP/HDPE/WP, (i) the c of HDPE 

decreases with increasing WP content, but only for the 2 C min
-1

 cooled samples, (ii) the Tm 

of MAPP increases with increasing WP content after both cooling rates, (iii) the Tc of MAPP 

increases with increasing WP content, but only during 2 C min
-1

 cooling, and (iv) the c of 

MAPP decreases with increasing WP content, but only after 10 C min
-1

 cooling. All these 

observations may be linked to the fact that the WP particles, that act as nucleation centres for 

MAPP crystallization, interact fairly strongly with MAPP because of the functional groups on 

the WP surfaces and on the MAPP chains. The MAPP probably grows into fairly large 

spherulites on the surfaces of the WP particles, even at a cooling rate of 10 C min
-1

, and 

these larger spherulites give rise to melting at higher temperatures. Since MAPP crystallizes 

fairly slowly, the nucleation by the WP particles seems to be more effective at the slower 

cooling rate, and therefore the Tc only increased when the sample was cooled at 2 C min
-1

. 

The reason for the decrease in MAPP crystallinity with increasing WP content after cooling at 

10 C min
-1

 is not entirely clear, but it may be that the interaction between WP and MAPP to 

some extent immobilized the MAPP chains and prevented its effective crystallization at the 

faster cooling rate. 

 The last observation is that cooling at 10 C min
-1

 shows the existence of two peaks 

only for MAPP/HDPE/WP. The peaks are also more resolved at the higher WP content. 

Again the reason is the stronger interaction of WP with MAPP which results in the MAPP 

starting to crystallize at higher temperatures, even during faster cooling. 

 

3.4 Tensile testing 

 

The tensile results for all the samples are summarized in Figure 7 and Table 3. HDPE was 

found to have the highest Young’s modulus (E) of 881 MPa, while PP and MAPP had moduli 

of 500 and 378 MPa, respectively. The PP/HDPE and MAPP/HDPE blends had higher 

Young’s moduli than the two neat polymers that made up the blend (Figure 6(a)), similar to 

findings by other authors [33,44]. It has been reported that co-continuous blends have high 

Young’s modulus values [45], which are the result of more effective stress transfer between 

the two polymers in the blends. According to these authors both phases contribute to the blend 

modulus in all directions. Since we mixed equal amounts of polymers in both types of blend, 

we can confidently assume that both had co-continuous morphologies, which would then give 

rise to higher tensile modulus values. The higher tensile modulus could be explained through 
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the nucleation of HDPE crystallization on the surfaces of already crystallized PP or MAPP, so 

that the interfaces between the two co-continuous polymers will have a higher crystallinity 

giving rise to more effective stress transfer between these polymers. The MAPP/HDPE blend 

had a higher modulus than the PP/HDPE blend, probably due to a stronger Van der Waals 

interaction between MAPP and HDPE, which reduced the chain mobility in this blend. 
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Figure 7 Tensile properties as function of WP content for all the investigated samples 
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Table 1 DSC melting data of the PP/HDPE system at two different cooling rates
 

HDPE peak  Tm / °C Hm
exp

 / J g
-1

 χc / % Tc / °C 

PP/HDPE/WP  

(w/w) 

10 C/min 2 C/ min 10 C/min 2 C/ min 10 C/min 2 C/ min 10 C/min 2 C/ min 

Neat HDPE 136.3 ± 3.6 141.2 ± 2.8 218.8 ± 3.5 194.2 ± 2.1 75.8 67.2 112.7 118.7 

50/50/0 134.7 ± 3.2 136.0 ± 1.9 100.9 ± 2.7 90.0 ± 0.8 69.9 62.3 111.2 118.1 

45/45/10 134.5 ± 2.9 136.2 ± 1.7 87.7 ± 1.9 81.3 ± 1.1 67.5 69.2 111.9 118.2 

40/40/20 133.7 ± 3.3 136.7 ± 2.0 78.6 ± 2.1 72.8 ± 1.5 68.0 69.2 111.6 118.5 

35/35/30 133.5 ± 2.7 136.2 ± 2.3 67.1 ± 1.7 62.2 ± 1.3 66.4 68.1 111.5 118.6 

PP peak  Tm / °C Hm
exp

 / J g
-1

 χc / % Tc / °C 

PP/HDPE/WP  

(w/w) 

10 C/min 2 C/ min 10 C/min 2 C/ min 10 C/min 2 C/ min 10 C/min 2 C/ min 

Neat PP 164.8 ± 4.1 165.4 ± 2.1 79.3 ± 3.8 82.3 ± 1.9 37.9 39.4 110.8 121.4 

50/50/0 165.9 ± 2.3 166.5 ± 2.9 25.8 ± 0.9 33.4 ± 0.6 24.7 32.0 111.2 118.1 

45/45/10 165.7 ± 1.8 167.2 ± 3.4 19.6 ± 1.3 31.8 ± 0.4 20.8 33.8 111.9 120.2 

40/40/20 165.4 ± 3.4 168.2 ± 1.9 17.4 ± 0.7 28.9 ± 0.7 20.8 34.6 111.6 123.5 

35/35/30 164.7 ± 2.1 169.2 ± 2.0 13.5 ± 0.5 24.6 ± 0.5 18.5 33.6 111.5 124.7 

Tm – melting peak temperature; Hm
exp

 – experimentally observed melting enthalpy; Tc-crystallization temperature; χc  – degree of crystallinity
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Table 2 DSC melting data of the MAPP/HDPE system at two different cooling rates
 

HDPE peak  Tm / °C Hm
exp

 / J g
-1

 χc / % Tc / % 

MAPP/HDPE/WP  

(w/w) 

10 C/min 2 C/ min 10 C/min 2 C/min 10 C/min 2 C/min 10 C/min 2 C/min 

Neat HDPE 136.3 ± 3.6 141.2 ± 2.8 218.8 ± 3.5 194.2 ± 3.0 75.8 67.2 112.7 118.7 

50/50/0 134.9 ± 2.4 136.7 ± 1.8 97.3 ± 1.6 90.1 ± 1.3 67.5 62.4 113.7 120.7 

45/45/10 136.6 ± 1.8 135.9 ± 2.4 81.9 ± 2.7 72.9 ± 1.1 63.0 56.1 111.2 119.4 

40/40/20 137.2 ± 3.1 136.9 ± 2.6 75.1± 1.9 66.9 ± 2.3 65.0 57.9 111.7 119.4 

35/35/30 136.6 ± 2.2 137.2 ± 2.8 64.6 ± 2.1 54.6 ± 1.7 63.9 54.0 111.5 119.0 

MAPP peak  Tm / °C Hm
exp

 / J g
-1

 χc / % Tc / % 

MAPP/HDPE/WP  

(w/w) 

10 C/min 2 C/ min 10 C/min 2 C/ min 10 C/min 2 C/ 

min 

10 C/min 2 C/ min 

Neat MAPP 161.8 ± 4.1 164.5 ± 1.9 75.3 ± 3.8 77.4 ± 0.9 36.0 37.0 110.0 119.7 

50/50/0 165.7 ± 2.1 166.5 ± 2.6 27.5 ± 0.5 31.3 ± 0.6 26.3 29.9 113.7 120.7 

45/45/10 167.0 ± 2.9 166.1 ± 1.1 22.3± 1.2 30.7 ± 1.2 23.7 32.6 111.2 126.7 

40/40/20 167.5 ± 2.4 167.5 ± 2.3 20.2 ± 0.4 25.4 ± 0.7 24.1 30.4 111.7 127.3 

35/35/30 168.3 ± 2.0 168.4 ± 2.9 16.2 ± 0.3 22.0 ± 0.8 22.1 30.1 111.8 129.6 

Tm – melting peak temperature; Hm
exp

 – experimentally observed melting enthalpy; Tc-crystallization temperature; χc  – degree of crystallinity 
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 The presence of WP and increase in WP content resulted in a continuous increase in 

Young’s modulus of the PP/HDPE/WP composites, while that of the MAPP/HDPE/WP 

composites remained fairly constant. Wood and wood products have higher moduli than most 

polyolefins, and the incorporation of the WP is expected to increase the composite stiffness. 

This is, however, only observed in the PP/HDPE/WP composites. Arroyo et al. [44] studied 

the mechanical behaviour of polypropylene/polyethylene blends/organo-bentonite 

nanocomposites, and reported that the weaker the matrix, the stronger the reinforcing effect of 

the filler. In our case there seems to be a stronger interaction between MAPP and HDPE than 

between PP and HDPE, and the WP particles are primarily located in the MAPP phase, giving 

rise to a complicated interaction mechanism that may explain the fact that the presence of WP 

in MAPP/HDPE had little influence on the Young’s moduli of these samples. 

 The tensile strengths of the three neat polymers have the same order of magnitude, but 

that of PP is somewhat higher than the others (Figure 7(b), Table 3).  Salih et al. [33] used the 

molecular structures of the pure polymers to explain the difference in the tensile strength. 

According to them PP has a higher strength and stiffness due to the orderly branch 

distribution that promotes PP crystallization and restricts chain rotation, producing a stronger 

but less flexible material. The introduction of maleic anhydride on the PP chain disturbs the 

order and leads to a weaker and less stiff material. The few branches in the HDPE structure 

allows the polymer chains to pack themselves closely together, so the intermolecular forces 

are stronger, resulting in a dense, highly crystalline material of moderate stiffness. 

 

Table 3 Tensile properties of all the investigated samples 

 E / MPa σb / MPa
 εb / % E / MPa σb / MPa b / MPa 

w/w MAPP/HDPE/WP PP/HDPE/WP 

100/0/0 472 ± 15 24.9 ± 0.7 13.3 ± 1.2 499 ± 14 29.9 ± 1.3 14.7 ± 2.5 

0/100/0 881 ± 37 22.4 ± 1.2 21.9 ± 0.2 881 ± 37 22.4 ± 1.2 21.9 ± 0.2 

50/50/0 1128 ± 26 22.8 ± 0.9 19.6 ± 0.3 1060 ± 1 23.1 ± 3.3 6.2 ± 0.4 

45/45/10 1140 ± 18 21.7 ± 1.2 10.1 ± 0.3 1204 ± 37 21.6 ± 1.1 3.2 ± 0.3 

40/40/20 1143 ± 28 21.4 ± 0.6 7.0 ± 0.3 1340 ± 20 19.0 ± 0.6 2.6 ± 0.2 

35/35/30 1156 ± 41 21.5 ± 0.6 5.0 ± 0.1 1346 ± 15 16.1 ± 0.6 2.4 ± 0.2 

E – tensile modulus, σb – tensile strength at break, εb – elongation at break 

 

 The tensile strengths of the PP/HDPE and MAPP/HDPE blends are within the same 

order of magnitude as those of the two individual polymers (Table 3, Figure 7(b)). Table 3 

shows that the tensile strengths of HDPE, PP and MAPP are almost the same within 
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experimental error. According to the law of averages one would not expect any change in the 

tensile strengths of the blends. Lin et al. [1] prepared and evaluated the compatibility of a 

75/25 w/w PP/HDPE polyblend. They also reported similar tensile strengths for the individual 

polymers and the blend.  

  Fillers often decrease the tensile strength of materials; exceptions result when the filler 

is extremely fine or when there is an interaction between the filler and the polymer matrix 

[33]. In our case, the filler had a negative effect on the tensile strength of the PP/HDPE blend 

(Figure 7(b)), while the tensile strength of MAPP/HDPE/WP remained fairly constant with an 

increase in the filler content. PP and HDPE in the PP/HDPE blend are incompatible and the 

WP filler particles acted as defect centres for the initiation of cracks, which then easily 

propagated along the interfaces between the two polymers. In the case of the 

MAPP/HDPE/WP composites, the WP interacted with the anhydride functionality in MAPP, 

resulting in good stress transfer between WP and MAPP. Crazes probably formed at the WP 

surfaces, but because all the WP particles were restricted to the MAPP phase, these crazes 

probably terminated at neighbouring WP particles and did not develop into cracks that would 

propagate along the interfaces between MAPP and HDPE. 

 The elongation at break of HDPE was significantly larger than those of PP and MAPP, 

while these two polymers had almost the same elongation at break values (Figure 7(c), Table 

3). Salih et al. [33] studied PP/HDPE blends and reported that HDPE showed elastic 

behaviour, giving a larger elongation at break than PP. The MAPP/HDPE blend had a 

significantly larger elongation at break than the PP/HDPE blend for the same reason 

discussed in the previous paragraph. 

 A continuous decrease in elongation at break was observed with increasing WP content 

for both the blends (Figure 7(c)). The rigid particulate WP filler particles acted as defect 

centres for the initiation and propagation of cracks in both composites. However, the 

MAPP/HDPE/WP composites have larger elongation at break values than the PP/HDPE/WP 

composites. The reason is the stronger interaction between MAPP and WP which opposed 

crack propagation through the MAPP-WP interfaces and gave rise to longer elongations 

before fracture.   

 

3.5 Thermogravimetric analysis (TGA) 

 

The TGA and derivative TGA (DTG) curves of the investigated samples are shown in Figure 

8, and the respective temperatures are summarized in Table 4. All the neat polymers and the 
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MAPP/HDPE blend show a single degradation step, but not the PP/HDPE blend (Figure 

8(b)). The first step for PP/HDPE corresponds to the degradation of the neat PP, and can 

therefore be associated with the degradation of the PP phase of the blend. The second 

degradation is related to the degradation of the neat HDPE, and can be associated with the 

degradation of the HDPE component in the blend. This is further confirmation of the 

immiscibility of the two polymers in this blend. This is not observed for the MAPP/HDPE 

blend, probably due to a stronger interaction between these two polymers. The thermal 

stability of the polymers and the blends followed the order: PP/HDPE < MAPP/HDPE < PP < 

MAPP < HDPE. At 500 C the neat polymers and the two polymer blends were completely 

decomposed (Figure 8(a)). The PP/HDPE blend was less thermally stable than the 

MAPP/HDPE blend because PP was less thermally stable than MAPP. 

 Cellulosic substances normally have three degradation steps. Depolymerisation of 

hemicelluloses takes place between 150 and 350 C, random cleavage of glycosidic linkages 

of cellulose occurs between 280 and 350 C, and the degradation of lignin occurs between 

250 and 500 C [46-48]. The DTG curve for WP in Figure 8(b) shows an overlap of two 

weight loss processes, which is probably the depolymerisation of hemicelluloses and the 

random cleavage of glycosidic linkages of cellulose, followed by the degradation of lignin. 

The two blend composites show two degradation steps. The first step corresponds to the 

degradation of WP. Degradation products, such as volatile carbon monoxide and methane, 

and char residue are formed. The second step corresponds to the degradation of the polymer 

blend matrix. The incorporation of WP into the two blends leads to an increase in the 

temperature of the second degradation step compared to the neat blends. The char residue, 

formed during the degradation of WP, probably delayed the heat transfer to the polymer blend 

matrix, and acted as a barrier which slowed down the escape of the volatile products formed 

during the matrix degradation process. It is further obvious that the degradation of WP in the 

blend composites shifted to higher temperatures, which is something one would expect 

because of the thermal protection provided by the surrounding polymer. 
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Table 4 DTG peak temperatures of all the investigated samples 

Sample (w/w) 

MAPP/HDPE/WP PP/HDPE/PP 

Peak 1 / C Peak 2 / C Peak 1 / C Peak 2 / C 

100/0/0 465 - 458 - 

0/100/0 486 - 486 - 

50/50/0 455 - 406 445 

45/45/10 453 - 455 - 

40/40/20 374 455 374 455 

35/35/30 374 475 378 455 and 485 

 

 

 

Figure 8 (a) TGA and (b) DTG curves of the neat polymers, the blends, and selected composites 
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4. Conclusions 

 

The PP/HDPE and MAPP/HDPE blends showed two-phase morphologies, but there were 

indications of a better interaction between MAPP and HDPE than between PP and HDPE. 

The WP clearly interacted strongly with the MAPP through the formation of hydrogen bonds 

between the functional groups. The melting peaks show a clear distinction between PP, 

MAPP and HDPE, but each of the blends showed one crystallization peak. This was a clear 

indication of the faster crystallization of the more linear HDPE chains. MAPP and HDPE 

showed separate crystallization peaks in the MAPP/HDPE/WP composites, and this 

separation of the crystallization became more resolved with increasing WP content and at 

lower cooling rates. Even PP started crystallizing separately in the PP/HDPE/WP composites 

at high WP contents and low cooling rates, indicating some interaction between PP and WP. 

The Young’s modulus increased and the stress at break decreased with increasing WP 

content, and these effects were more pronounced in the PP/HDPE/WP composites, probably 

because of the stronger interaction between MAPP and WP. Although the elongation at break 

decreased with increasing WP content for both types of composite, these values were 

significantly higher for the MAPP/HDPE/WP composites. The presence of WP increased the 

thermal stability of both the MAPP/HDPE and PP/HDPE matrices, probably because the char 

from the WP decomposition acted as a barrier which delayed the heat transfer to the polymer 

matrices. 
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