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Abstract Wood flour/polypropylene composites (WPC)

were prepared by melt extruding with different wood flour

(WF) loadings. The non-isothermal crystallization and

melting was studied with different WF loadings, for

W40P60 and W40P60M6, the melting was investigated

after non-isothermal and isothermal crystalline. Comparing

with neat polypropylene, the melting behavior of the

composites, both non-isothermally and isothermally, was

investigated by differential scanning calorimetry (DSC).

The results showed that WF was an effective heteroge-

neous nucleating agent, as evidenced by an increase in the

crystallization temperature and the crystallinity for melt

crystallization of PP with increasing WF content. For the

non-isothermal samples, the origins of the double melting

behaviors were discussed, based on the DSC results of PP.

The XRD measurements confirmed that no crystalline

transition existed during the non-isothermal crystallization

process. With m-TMI-g-PP adding, due to compatibiliza-

tion phenomenon were probably responsible for decreasing

Tm, Xc. In the DSC scan after isothermal crystallization

process, the single melting behaviors were found and each

melting endotherm had a different origin.

Keywords Poly(propylene) (PP) � Compatibilization �
Crystallization � Melt

Introduction

Wood–plastic composites (WPC) have been rapidly devel-

oped and widely applied in packaging, household articles,

furniture, office appliances, building, and automotive

industry [1–4]. It is well known that the mechanical and

physical properties of WPC products are affected by a

number of factors, such as particle size of wood, the strength

of the wood particles, the volume fraction, and aspect ratio of

fiber, fiber orientation, dispersion level, fiber–polymer

adhesion, mixing time, and processing temperature [5–8].

Among these factors, fiber–fiber interactions as well as the

fiber–matrix adhesion plays the most important role in

transferring the stress from the matrix to the filler, wood flour

(WF) has a relatively low surface tension, low surface ten-

sion results in low interfacial tension and reversible work of

adhesion, thus particle–particle and particle–matrix inter-

actions decrease as well, and this greatly reduces the

potential of natural fibers to be used as reinforcement for

polymers [9–11].

Different techniques have been employed to resolve this

problem [12–15], such as, chemical modification of the fiber

or the addition of compatibilizing agents to enhance the

interfacial adhesion, and increase the mechanical and phys-

ical properties of polypropylene (PP)/wood–fiber compos-

ites. The study showed that adding maleated PP (MA-PP) can

significantly improves the bio-fiber or flour/matrix bonding

[16–19]. Qiu et al. [20] reported that the interfacial adhesion

can be improved by adding isocyanate (1,6-diisocyanato-

hexane) as a compatibilizing agent in PP/cellulose composite

as well as MA-PP/cellulose composite. Karmarkar [21] and

Guo [22] have reported improved mechanical properties by

using isocyanate coupling agent (m-TMI-g-PP). In this study,

a compatibilizer with isocyanate functional group m-TMI-g-

PP was used to improve the adhesion between WF and PP.
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In recent years, for the WPC composites, the emphasis

of studies has been placed on water absorption, mechanical

properties, thermal decomposition, weathering, crystalli-

zation, and rheological properties in the presence of com-

patibilizing agents [22–26]. There are many articles on

studying the crystallization behavior of PP or PP com-

posites [27–31]. The crystallization behavior of reinforced-

PP composites with flax fiber, sisal fiber, pine fiber, glass

fiber, hemp fiber, jute fiber, and wood have been also

reported [25, 32–37]. In addition, crystallization behavior

represents an interesting research subject to optimize pro-

cess conditions and control the properties of the final

products. Especially, non-isothermal crystallization of

polymers, which is great technological significance, since

most practical processing techniques proceed under non-

isothermal conditions. These fundamental studies are

essential to understand the solid-state properties of these

materials. However, there are few reports about such

investigations of the non-isothermal and isothermal crys-

tallization and melting behavior of WF/PP composites,

especially in the presence of m-TMI-g-PP. Therefore,

fundamental studies on the effect of the presence of WF

and with m-TMI-g-PP as a compatibilizer on the crystal-

lization and melting behavior of PP are of great importance

from both a theoretical and practical point of view. In this

article, the isothermal and non-isothermal crystallization

behaviors of WF/PP were carried out by differential

scanning calorimetry (DSC); the melting behaviors fol-

lowing isothermal and non-isothermal crystallization pro-

cess were discussed. The crystal structure was

characterized by X-ray diffraction (XRD).

Experimental

Materials

PP [density 0.89–0.91 g cm-3, the melting flow index of

8 g (10 min)-1 at 503 K, 2.16 kg] used as the matrix of the

composites was supplied by DaQing PetroChemical

Company. WF with 40–60 mesh were supplied by Harbin

Yongxu Co. Ltd. WF were dried at 378 K for 24 h to

remove moisture and then stored over in sealed containers.

m-isopropenyl-a,a-dimethylbenzyl isocyanate(m-TMI) was

manufactured by Cytec corporation, dicumyl peroxide

(DCP) was manufactured by Tianjin Guangfa company,

m-TMI-g-PP used as compatibilizing agent for WF/PP

composites was prepared by our laboratory.

Sample preparation

In order to study the crystalline behavior of WF loading on

the properties of WPC, Table 1 gives the compositions of

all the investigated systems. The mixture of WF, PP, and

m-TMI-g-PP was mixed in a high speed mixer for 8 min,

subsequently melted, and extruded by the twin-screw/sin-

gle-screw two-step extruder system and formed sheets for

testing. The processing temperature for extrusion was set at

423 K for melting zone, 443–453 K for pumping zone and

448 K for die zone, respectively. The rotary speed of twin-

screw was 100 rpm.

Non-isothermal crystallization process

Non-isothermal crystallizations of all samples were carried

out on a Perkin-Elmer Diamond DSC. The sample was

rapidly heated at a rate of 100 K min-1 to 463 K, stayed

there for 10 min to eliminate thermal and mechanical

prehistory, for the samples no. 0–5, the samples were

cooled to 298 K at cooling rates of 10 K min-1. In order to

investigate the effect of wood four and m-TMI-g-PP on

non-isothermal and isothermal melting, PP, W40P60, and

W40P60M6 were chosen for comparative study. The

sample nos. 0, 4, 6 was cooled to 298 K at cooling rates of

5, 10, 15, 20, and 40 K min-1 and finally heated again to

463 K (i.e., 2nd heating) at a rate of 10 K min-1. The

exothermic curves of heat flow as a function of temperature

were recorded to analyze the non-isothermal crystallization

of PP and its composites. All the experiments were carried

out under pure nitrogen.

Isothermal crystallization process

The samples (0, 4, 6) were rapidly heated at a rate of

100 K min-1 to 463 K, stayed there for 10 min to elimi-

nate thermal and mechanical prehistory, and then rapidly

cooled to the designated crystallization temperature (Tc) at

a rate of 100 K min-1, which were five different temper-

atures in the range of 387–401 K for each sample in the

isothermal crystallization process, and held at this tem-

perature for 15 min until crystallization was completed.

The specimens were subsequently heated to 463 K at a rate

of 10 K min-1. All the experiments were carried out under

pure nitrogen.

Table 1 Composition of PP and its composites

No. Designation WF/% PP/% m-TMI-g-PP/%

0 Pure PP 0 100 0

1 W10P90M6 10 90 6

2 W20P80M6 20 80 6

3 W30P70M6 30 70 6

4 W40P60M6 40 60 6

5 W50P50M6 50 50 6

6 W40P60 40 60 0
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XRD analysis

XRD patterns were recorded by using a Bruker GADDS

diffractometer, with an area detector operating under

40 kV and 40 mA, using Cu Ka radiation (k = 0.154 nm).

The scanning rate was 4� min-1. Sample plates with

dimensions 1 9 1 9 0.05 cm3 were prepared using two

hot compression molding in a press at a temperature of

463 K and then cooled to the room temperature at the rate

of 10 K min-1. During the measurements the sample was

protected by a flow of inert gas (helium) to prevent the

oxidation at high temperature.

Results and discussion

Heating–cooling cycles

After being kept at 463 K for 10 min to remove any

thermal and mechanical prehistory, all of the melt samples

were cooled at 10 K min-1 to 298 K. Figure 1 shows the

cooling and 2nd heating scans for neat PP and it’s com-

posite with different WF content at 10 K min-1 heating

rate. The cooling peak temperature (Tp), the onset tem-

perature of crystallization (To), the end temperature of

crystallization (Te), melting temperature(Tm), melt crys-

tallization enthalpies (DHm), degree of crystallinity (Xc) are

listed in Table 2. The values of Tm and DHm were obtained

from the maxima and the area of the melting peaks,

respectively. The values of DHm were normalized to the

amount of the PP phase. The Xc [38] is defined as the ratio

of DHm to DHm
0 , DHm

0 of perfect PP crystals has been

reported as 148 J g-1 [39].

The degree of supercooling reduced and the crystalli-

zation rate increased with increasing WF loading, To and Tp

were shifted to higher temperature. The neat PP crystal-

lized very slowly that was observed at 384.5 K. For the

composites, higher crystallization peaks were observed at

about 390–394.3 K, whose positions slightly increased as

the WF content increased. In addition, the DHm of the

composites were much larger than that of the neat PP, and

gradually increased with increasing WF content, also

indicating a heterogeneous nucleation effect of WF for

melt crystallization. This indicated that the WF induced the

formation of crystals as heterogeneous nucleation sites,

thus promoting the crystallization rate and degree of

crystallinity in the composites. The same observation was

reported in flax fiber/PP [12, 32]. From Fig. 1 and Table 2,

it could be seen that the PP had double melting peaks and

composites only one peak and these parameters were var-

iable at different WF content.

At high-temperature regions, the PP showed a main

melting peak and a shoulder at higher temperature, the

peak of higher temperature was minor than that of lower

temperature. The formation of two melting peaks attributed

to the secondary crystallization of PP. And a single melting

peak was observed at around 435.3–436.6 K for compos-

ites, with increasing WF content, the magnitude of Tm

significantly decreased, together with a slight position shift

toward higher temperatures, so indicating that recrystalli-

zation was significantly prohibited upon incorporation of

WF with the matrix. The more contents the WF, the more

influence on crystallization of PP. So, it was easy to
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Fig. 1 DSC cooling–melting curves of different WF content at

10 K min-1

Table 2 The parameters determined from the DSC exothermal curves

Samples PPa DHm/J g-1 Xc/% Tm/K To/K Tp/K Te/K

PP 43.8 29.6 432.9/437.3 392.2 384.5 379.5

W10P90M6 50.7 34.3 435.3 397.7 390.7 386.0

W20P80M6 75.3 50.9 435.3 398.2 391.3 387.2

W30P70M6 90.8 61.3 435.3 399.8 393.3 389.1

W40P60M6 90.9 61.4 435.6 401.7 393.9 394.3

W50P50M6 91.2 61.6 436.6 401.8 394.3 390.3

a Values normalized to the amount of the PP phase
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crystallize into perfect and stable crystals for PP, and the

melting temperature shifted to higher temperature. This

phenomenon supported the role of the nucleating sites, as

played by the WF.

Melting behavior following nonisothermal

crystallization

Figure 2 showed melting endotherms of PP and its com-

posites after non-isothermally crystallization at five dif-

ferent cooling rates, ranging from 5 to 40 K min-1 and

melting curves were recorded at a fixed heating rate of

10 K min-1. Apparently, the double melting behavior was

observed for the neat PP, the low melting peak temperature

(Tm1) shifted toward a lower temperature with increasing

cooling rate; the intensity of the peak Tm1 became weaker

and weaker. While, the high melting temperature (Tm2)

remained almost constant the intensity of the peak Tm2

became stronger and stronger. The occurrence of the low

temperature melting endotherm should correspond to the

melting of the crystallites originally formed during a

cooling scan. The Tm1 values decreased with increasing

cooling rate, which implied that the crystallites formed

during a fast cooling scan were less stable than those

formed during a slower cooling scan. Upon heating, the

less stable crystals melt to a supercooled state in which

recrystallization could take place very rapidly with the

formation of better crystals. The final melting of recrys-

tallized material took place at the same temperature,

regardless of the non-isothermal crystallization rate at

which the crystals were originally formed [40]. The

occurrence of the high-temperature melting endotherm was

postulated to be a result of the melting of the recrystallized

materials formed during a heating scan [41]. This is

because the polymer chains have not enough time to

reorganize into ordered structures (crystals) at the higher

heating rate, that is, recrystallization is somewhat repres-

sed. Namely, recrystallization is a time and temperature-

dependent process, thus decreasing the heating rate

increases the proportion of a more perfectly formed

structure with a higher melting temperature. Consequently,

a reduced heating rate leads to greater expressed peak

duplication and to a higher peak at the higher temperature

[31]. Therefore, it could be concluded that the crystals
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Fig. 2 The DSC thermograms

of samples after non-isothermal

crystallization at different

cooling rates at a heating rate of

10 K min-1: a PP; b W40P60;

and c W40P60M6
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Fig. 3 X-ray diffractograms for PP and its composites
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which contributed to Tm2 partially originated from the re-

crystallized population formed during the heating process.

It was worth mentioning that WF reduced the tendency to

recrystallization, for WF/PP composites, only a single

melting endotherm was seen, which showed WF accelerate

the crystalline rate and form perfect crystal. In Fig. 2c, it

was interesting that a shoulder peak appeared at higher

temperature(438.6 K) for melting curve of at 40 K min-1

cooling rate, showing m-TMI-g-PP improved WF/PP

interactions that restricted the mobility of PP chains and

hindered the crystallization process and appeared second-

ary crystallization.

Since the thermal history was identical for all of the neat

and composite samples, in view of the absence of Tm2 for

composites it was suggested that the Tm2 observed in the

PP probably originated from melting of the imperfect

crystals and recrystallization materials. While, the Tm1 for

the PP corresponds to the melting of the dominant crystals

formed during the first cooling process, indicating that

addition of WF make the crystal more perfect.

XRD analysis

Figure 3 shows the XRD patterns of the samples which had

the same thermal treatment as those presented in Fig. 1,

respectively. When WF was added the diffraction intensity

of PP at about 2h = 18.4� decreased with the increase of

WF content, which indicated the planes of (040) and (130)

in PP were preferential orientations.

It is well known that PP can crystallize into different

crystal structures, which can exhibit different melting

temperature. Therefore, the double melting behaviors of PP
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Fig. 4 The DSC thermograms

of samples after isothermal

crystallization at indicated

temperature for 15 min at a

heating rate of 10 K min-1:

a PP; b W40P60; and

c W40P60M6

Table 3 Values of melting point and melting enthalpy of PP and its composites melting at a heating rate of 10 K min-1 after isothermal

crystallization at indicated temperature

Tc/K 387 389 391 393 395 397 399 401

PP Tm/K 433.7 435.0 435.1 435.4 435.9 – – –

DHm/J g-1 56.29 53.27 51.86 52.19 51.89 – – –

Xc/% 38.03 35.99 35.04 35.26 35.06

W40P60 Tm/K – – – 436.1 436.3 436.8 437.4 437.9

DHm/J g-1 – – – 61.80 62.86 63.56 65.91 65.65

Xc/% 41.75 42.47 42.94 44.53 44.36

W40P60M6 Tm/K – – – 435.6 436.0 436.5 437.2 437.8

DHm/J g-1 – – – 48.78 47.96 48.20 46.88 45.92

Xc/% 32.96 32.40 32.56 31.67 31.03

Values normalized to the amount of the PP phase
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were attributed to melting of different crystal forms or

crystalline transitions during heating. No crystalline tran-

sition could be observed in the melting range of samples, as

shown in Fig. 3.

The presence of the b-form of PP by reflection at

2h = 21.2� could be seen [42]. A comparison of the

crystallographic reflections at scattering angles of 21.2�
and 21.8� in Fig. 3, suggesting that WF could decrease the

fraction of PP to crystallize in the b-form slightly. Clearly,

the crystal structures were identical for all of the samples

and the degree of crystallinity almost change with

increasing WF content, as also evidenced by the similar

DSC curves given in Fig. 1. For the neat PP, an almost

amorphous halo with a few crystalline protrusions on the

XRD pattern was only observed. With increasing WF

content, the overall crystallinity or crystal perfection

gradually increased, that is, the amount of amorphous

fraction steadily decreased. The same phenomenon was

observed in PP/nano-calcium carbonate by Huang et al.

[42]. These results of XRD were in agreement with above

DSC results presented in Fig. 1.

Melting behaviors following isothermal crystallization

The effect of WF and m-TMI-g-PP on the crystallization

behavior of PP was examined by studying the isothermal

crystallizing–melting of PP and its composites by DSC in

the range 387–401 K. The heating DSC curves of samples

after isothermal crystallization at indicated temperature are

shown in Fig. 4. The DSC analysis of isothermally crys-

tallized samples showed a single melting peak for PP and

its composites. Thus, the cause of the single peak in the

scans was due to the melting of the material crystallized at

each temperature, and no recrystallization happens. The

values of Tm, DHm, and Xc calculated for PP and com-

posites in the temperature range 387–401 K are summa-

rized in Table 3. It is clear from Table 3, with increasing

Tc, the Tm shifted to higher temperature. This behavior

could be explained by the formation of more perfect

crystals during crystallization. As a result of m-TMI-g-PP

improving interaction adhesion between WF and PP, Tm

was decreased. Compared with the crystallization iso-

therms at the same Tc (393 K), it was pointed out that the

crystallization rate of PP in W40P60 was fastest, the values

of Tm and DHm was highest, supporting the occurrence of

nucleating effect of WF, and this effect was decreased in

W40P60M6, mainly as a consequence of the stronger WF–

PP interactions due to the m-TMI-g-PP, as reported by our

previous research [22], that restricted the mobility of PP

chains and hindered the crystallization process, this sug-

gested that m-TMI-g-PP modified the nucleation ability of

WF. Meanwhile, the single peak Tm was more significant in

composites, indicating less secondary crystallization

growth took place during isothermal crystallization.

Conclusions

The effects of crystallization condition on the crystalliza-

tion and multiple melting behaviors have been compara-

tively investigated for PP and its WF composites. The

results obtained indicated that the presence of WF

enhanced both the melt and crystallization of the PP by

acting as a heterogeneous nucleation agent. The more the

contents of WF, the more influence on the crystallization of

PP. The PP showed either single or double melting endo-

therms, depending on their previous crystallization condi-

tion. PP showed double peaks and PP/WF exhibited single

melting peak after non-isothermal crystallization at dif-

ferent cooling rate. The temperature of the lower melting

peak (Tm1) results from the melting of lamellae with dif-

ferent perfectness under different conditions, and the

higher melting temperature (Tm2) originate from the

melting of the recrystallized crystals. Interestingly, an

additional endothermic peak was observed for the com-

posites at higher cooling rate at presence of m-TMI-g-PP.

Both neat PP and its composites exhibited single melting

behaviors after isothermal crystallization at the indicated

crystallization temperature. The occurrence of the low

temperature melting endotherm should correspond to the

melting of the crystallites originally formed during a

cooling scan. At the presence of m-TMI-g-PP, Tm and DHm

decreased. All the above showed m-TMI-g-PP improved

the interaction between WF and PP.
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