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Abstract 

A melt-grafting approach was employed to prepare a novel functional polypro-
pylene(FPP)—amino-terminated polyurethane grafted polypropylene (PP-g-ATPU). 
The crystallization behaviors of PP and PP/FPP blends were characterized using 
differential scanning calorimetry (DSC), wide angle X-ray scattering (WAXS) and 
polarized optical microscopy (POM). The effects of FPP composition on 
crystallization behavior, crystal transformation, and morphology of PP/FPP crystalline 
were investigated. The results showed that at a low dosage (< 2.0wt%) ATPU acted as 
a heterogeneous nucleation agent during the crystallization of PP/FPP blends. 
However, when the content of ATPU reached 2.0wt% or higher, ATPU deteriorated 
the crystallization of PP or PP/FPP blends. The crystallite size decreased and the 
number of crystallites increased as the ATPU content increased. The Avrami analysis 
was adopted to describe the isothermal crystallization process. The difference in the 
exponent n between PP and PP/FPP suggested that the isothermal crystallization 
kinetics of PP/FPP blends followed a three-dimensional growth via heterogeneous 
nucleation. In terms of the half-time of the crystallization, t1/2, the crystallization rate 
of functional PP blends was faster than that of PP homopolymer at a given 
crystallization temperature. 
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Introduction  

Since isotactic polypropylene (iPP) was industrialized in 1950’s, extensive research 
has been conducted on iPP modification and applications due to its relatively low cost 
and versatile properties. However, the high crystallinity and non-polarity of iPP lead 
to lower impact strength, poor compatibility and adhesion towards other materials; 
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thus constraining its applications. To improve it’s the performance of iPP, a number of 
modifying approaches have been explored in the past, typically copolymerization and 
grafting [1].  
Physical properties of polymeric materials strongly depend on their microstructure and 
crystallinity, thus studies on the crystallization behaviors and morphology as well as 
their relations with the mechanical properties of modified PP have been carried out 
extensively by many researchers[2-11]. Particular attention has been paid to the 
crystallization behavior of modified PP via grafting maleic anhydride[12-17]. 
Qi H.J.[18] prepared PP-g-MAH by reactive-processing.  
The isothermal crystallization kinetics of the PP-g-MAH polymers was investigated 
by DSC. The results showed a remarkable decrease at the rate of crystallization of the 
grafted polypropylene compared to PP. The crystallization rate of PP-g-MAH and 
Avrimi exponent n, decreased with the temperature increasing. Kilwon Cho [12] 
studied the crystallization behavior of polypropylene and maleated polypropylene 
blends. Studies on the isothermal crystallization kinetics confirm that there is a 
correlation between the crystallization rate and the resulting morphologies. J. He et. 
al.[13] studied crystallization kinetics of maleic anhydride grafted polypropylene. The 
crystallization kinetics was investigated under isothermal and non-isothermal 
conditions. Under both conditions, the introduction of pendant groups along the PP 
chains increased the crystallization rate and did not influence the crystallization type.  
There are several reports about the crystallization behaviors of PP-g-AA (Acrylic 
acid) and PP-g-GMA (Glycidyl methacrylate). Zhang X. M.[19], Yang X. B.[20] 
studied crystallization of PP-g-AA. They found that PP-g-AA had different 
crystallization mode from that of PP. Yin Z.H.[21] studied the isothermal 
crystallization of PP-g-GMA copolymer, and results showed that the number of 
effective nuclei in grafted samples was estimated to be 102-103 times larger than that 
in PP. The overall crystallization rates of PP were lower than that of grafted samples. 
The monomer grafted onto PP acts as a heterogeneous nucleator in the polymer 
crystallization process. 
In this work, we focused on grafting an ATPU (Amino-terminated polyurethane) onto 
PP via a melt-grafting method. The ATPU was synthesized by reacting toluene-2,4-
diisocyanate (TDI) with polyethylene glycol (PEG) and diamine, using dibutyltin 
dilaurate (DBTDL) as a catalyst. The ratio of soft segment and hard segment, and the 
molecular weight of ATPU are adjustable, which facilitates the studies of the 
structure-property relationship. GMA (Glycidyl methacrylate) was used as a coupling 
agent to enhance the bonding between PP and ATPU. The crystallization behaviors of 
PP/modified PP blends was investigated using differential scanning calorimetry 
(DSC), wide angle X-ray scattering (WAXS) and polarized optical microscopy 
(POM). The crystallization kinetics of the samples was studied by spectral 
depolarization.  

Experimental 

Materials 

The isotactic PP (Y1600 in pellet, Shanghai Petrochemical Industrial Co., Ltd., P.R. 
China) was used as received. ATPU was self-prepared (Mn=3000), and the reaction is 
shown in Scheme 1. α,α-Bis (tert-butylperoxy) diisopropyl benzene (BIPB) (Trump 
Chemical Corp. Wuxi, Jiangsu, China), a free-radical initiator, was used as received. 
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ATPU synthesis consists of two polymerization reaction as shown in the Scheme 1. In 
the first reaction, polyether polyols react with an excess of di-isocyanate to form pre-
polymers with terminated isocyanate groups; and the second step reaction is the chain 
extension reaction with diamines, the last product is amino-terminated polyurethane, 
which will be grafted on the PP backbone. 

CH3

N=C=O

O=C=N

(m+2)
+(m+1)HO(CH2)nOH

DBT DL

NHCOO(CH2)nO]mOCNH

N=C=O

CH3

NHCOO(CH2)nO[OCNH

O=C=N

H2NRNH2

NHCOO(CH2)nO[OCNH

CH3 NHCOO(CH2)nO]mOCNH

NHCONHRNH2

H2NRNHCONH CH3

CH3

CH3

CH3  
Scheme 1  The  synthesis  of  ATPU 

PP-g-ATPU (called FPP) was prepared by melt-grafting. About 20wt% of ATPU on 
FPP was added. The FPP was blended with PP in a twin-screw extruder (SHL-35, 
Shanghai 4th Chemical Machine Factory, Shanghai, P.R. China). Before being 
extruded, FPP and PP were dried at 80°C for over 4 h. The mixtures of FPP and PP at 
different ratios were extruded at 180°C under a screw rotating speed of 90 rpm, 
PP/ATPU blends also were prepared in the twin-screw extruder at 180°C. The 
extruded strands were cooled and then granulated. 

Crystal analysis 

The crystallization behaviors were investigated using a differential scanning 
calorimeter (DSC, NETSCH DSC 200PC). All samples were heated to 220°C at a rate 
of 20°C/min and held in the molten state for 5 min. to eliminate the influence of thermal 
history. The samples were cooled to room temperature at a rate of 10°C/min and held 
for 5min, followed by reheating to 220°C for the second heating run at a rate of 
10°C/min. Both melting and crystallization parameters were obtained from the heating 
and cooling scans. All operations were carried out under a nitrogen environment.  
In isothermal crystallization experiments, the samples were studied by spectral 
depolarization with a crystallization speedometer(GJY-III type, Donghua University, 
Shanghai, P.R.China). During the process of the crystallization, the polymer sample 
placed between two orthogonal polarizers, the intensity of depolarized light will 
increase proportionally with the crystallinity of the sample. 
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WAXS were performed on a Rigaku WAXS diffractometer (Japan), at 40kV and 
35mA using CuK α-radiation with a wavelength of 1.541 angstrom as the X-ray 
source. Samples were scanned in the 2θ range of 4 to 31°. The samples for WAXD 
measurement were prepared in film by compression molding at 180°C and 5 MPa. 

Kinetics of crystallization 

The Avrami [22,23] equation has been proposed to analyze the isothermal 
crystallization of polymer: 

 )exp(1 nKtC −=−  (1) 

where n is the Avrami exponent, K, the crystallization rate constant and C is the 
relative crystallinity at time t. The crystallization half-time, t1/2, defined as the time to 
a relative crystallinity of 50%, can be obtained: 

 n

K
t /1
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If the variation of the intensity of depolarized light at time t is 0II t − , the overall 
variety of the intensity of depolarized light is 0II −∞ , and C at time t can be 
represented as follows:  
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The Avrami equation can be rearranged as follows: 
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Equation (4) can further be expressed in a logarithmic form: 

 Ktn
II

II t lglg)]ln(lg[
0

+=
−
−−

∞

∞
 (5) 

By plotting the left side in the equation vs. lgt, we can get a straight line. The n (the 
slope of the straight line) and lgK (the intersection) values can be calculated. 

Results and Discussion 

Preparation of PP-g-ATPU 

Figure 1 shows the IR spectra of PP and FPP which were previously purified by 
SOXHLET extractor with acetone. In contrast to PP, the characteristic bands of 
carbonyl group C=O and imine group N-H of urethane at 1712 cm-1 and 3340 cm-1 
respectively are observed in FPP samples. This demonstrated that ATPU was grafted 
on the PP backbone. 



 183 

 

3500 3000 2500 2000 1500 1000

PP-g-ATPU

PP

3340cm-1

1712cm-1

Wavenumner (cm-1)  
Figure 1  FTIR spectra of PP and PP-g-ATPU (FPP) 

Figure 2 is the 13C-NMR spectroscopy of PP-g-ATPU, the signal at approximately 
70.0 ppm is methylene (-CH2) connected with oxygen(O). NHCOO characteristic 
band appears in 164ppm, and δ=111ppm is the characteristic band of methylene(-CH2) 
in diamine. So it is proved that the sample is PP-g-ATPU.  

 
Figure 2  13C-NMR spectroscopy of PP-g-ATPU (FPP) 

Isothermal crystallization  

The Avrami plots obtained at various temperatures for pure PP are illustrated in 
Figure 3. Similar trends are shown for PP/FPP blends. There are good linearities of 
lg[-ln(1-C)] versus lgt in a wide relative crystallinity range (2-90%). It is clear that the 
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Figure 3  Avrami plots for isothermal crystallization of pure PP and PP/FPP at various 
crystallization temperature 
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Avrami equation is effective for analyzing the experimental data of the isothermal 
crystallization kinetics. The values of K(t), n, and t1/2, obtained from Figure 4, are 
listed in Table 1. As can be seen, t1/2 of all samples increases with increasing 
crystallization temperature, while PP has the lowest t1/2 at 118°C under experimental 
conditions. Depending on the mechanism of nucleation and crystal growth, n should 
have different integer values. But the non-integer values of the Avrami exponent were 
obtained for all the samples from experimental data, ranging from 1.6 to 2.2 and 2.5 to 
3.0 at the crystallization temperature, 118°C and 128°C, respectively. The deviation is 
likely attributed to secondary crystallization processes, complex nucleation modes and  
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Figure 4  Relative crystallinity as a function  time  in isothermal crystallization 

Table 1  The various parameters of samples from the Avrami equation 

Samples (content of ATPU wt%) T(°C) n lgK t1/2(s) 

0(PP) 118 2.15 -4.04 76 
 120 2.32 -4.71 103 
 122 2.67 -5.91 242 
 124 2.55 -6.14 352 
 126 2.41 -6.19 441 
 128 3.02 -7.87 503 

0.5 118 1.62 -2.66 48 
 120 1.89 -3.69 93 
 122 2.09 -4.37 121 
 124 2.56 -5.76 150 
 126 2.62 -6.11 218 
 128 2.88 -6.69 323 

1.0 118 1.87 -3.80 37 
 120 2.13 -4.41 81 
 122 2.44 -5.04 92 
 124 2.62 -5.95 144 
 126 2.58 -6.01 189 
 128 2.96 -7.57 306 

1.5 118 1.99 -3.38 35 
 120 2.57 -5.20 56 
 122 2.63 -5.40 87 
 124 2.60 -5.66 128 
 126 2.89 -6.70 178 
 128 2.78 -6.69 219 
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the change in material density. Moreover, some experimental errors introduced in the 
determination of the zero point of crystallization also led to non-integer value of n.  
The t1/2 values obtained from the experiments are also listed in Table1.They are 
consistent with those calculated from equation (2), indicating the validity of the 
Avrami equation in this study.  
We analyzed the rate of crystallization, expressed by reciprocal half-times in terms of 
Hoffman’s theory. Accordingly, the rate of crystallization, at which crystallinity 
develops from the melts, follows an Arrhenius-like relationship. The corresponding 
activation energy comprises of two contributions, one from the transport of the chain 
molecules towards the growing nuclei and another from nucleation. Since it is difficult 
to separate these two contributions precisely, we cast the equation here [24, 25]: 

 ( ) ( ) ]/[)(/1ln 0
2/1

k
c

k
mk TTTBAt ∆−=  (6) 

Where 0
mT  represents the equilibrium melting temperature ( 0

mT =481.15K); 
T∆ = 0

mT -
cT , the undercooling of the system; K(K=1,2) represents different 

crystallization model parameter, and A is a constant; 
KB depends on the free energy of 

interface (б) and exothermic crystallization (∆ 0
mH ): 
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From Table 1, plots of ( )2/1/1ln t  versus ( ) ]/[)( 0 k
c

k
m TTT ∆  should give straight lines 

with slope KB (when k=1, 2, Bk1 and Bk2 were obtained). The relevant quantities, 
calculated from the slopes, are listed in Table 2. It is worth mentioning that the 
coefficient KB of PP is higher than that of PP/FPP blends. This is due to the fact that 
the blends have lower nucleation free energy and nucleate readily. 

Table 2  The value of Bk for PP and PP/FPP blends 

Samples (content of ATPU wt%) Bk1(×103) Bk2(×102) 

0 1.53 1.17 
0.5 1.45 1.12 
1.0 1.44 1.11 
1.5 1.40 1.08 

Melting and crystallization characteristics of PP and PP/FPP blends 

The results of DSC heating and cooling scans for PP and PP/FPP blends are shown in 
Figure 5(a) and (b) respectively. It is evident that there is an endothermic melting peak 
in all the heating scans and there is a distinct exothermic crystallization peak in all the 
cooling scans. The corresponding parameters for melting and crystallization obtained 
from heating and cooling scans for all samples are presented in Tables 3 and 4. It is 
demonstrated that there is little difference between PP and PP/FPP in their onset 
temperature of melting (Tonset) and Tm. Tonset and melting peak width(∆Tm) are related 
to the least stability and distribution of crystallites, respectively. Tonset, Tm and ∆Hf of 
PP/FPP are lower than those of PP; whereas ∆Tm of FPP is broader than that of PP at a 
low content of ATPU (<1.5wt%). The degree of crystallinity X was calculated in 
terms of the ratio of the melting enthalpies: X=∆H/∆H0, where ∆H0 is the melting 
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Figure 5  DSC thermograms of PP and PP/FPP blends with different content of ATPU 

Table 3  DSC data for PP and PP/FPP from heating scans 

Content of ATPU(wt%) Tonset(°C) Tm(°C) ∆Tm(°C) ∆Hf(J/g) X(%) 

0 155.7 171.6 69.0 92.3 44.16 
0.5 155.2 171.4 71.7 96.6 46.21 
1.0 154.1 169.7 73.7 100.9 48.28 
1.5 153.7 169.6 71.2 107.9 51.63 
2.0 153.8 170.5 64.1 87.6 41.93 
4.0 155.5 170.7 63.6 74.1 35.44 

Table 4  DSC data for PP and PP/FPP from cooling scans 

Content of ATPU(wt%) Tonset(°C) Tc(°C) ∆Tc(°C) ∆Hc(J/g) 

0 112.6 108.7 46.2 97.3 
0.5 117.1 112.3 39.7 103.5 
1.0 118.3 113.4 33.7 104.8 
1.5 118.8 114.5 34.8 113.7 
2.0 120.7 117.2 39.2 105.8 
4.0 120.7 116.8 33.2 88.1 

enthalpy of 100% crystalline polymer(∆H0=209J/g). It turned out that the degree of 
crystallinity of PP/FPP was raised at a low content of ATPU (< 1.5wt%). However, 
further increasing the content of ATPU above 2.0wt% led to the reduction of the 
crystallinity. On other words, ATPU acted as a heterogeneous nucleating agent at low 
contents, which potentially increased the number of crystal grains in a unit volume. 
However, as the content of ATPU further increased, the effect of ATPU on 
heterogeneous nucleating was weakened, because there are too many crystal grains, 
for the available growth space. As a result, the spherocrystal growth of PP was 
restricted and the crystallinity was reduced. Therefore, ATPU plays a dual-role in 
crystallization of PP/FPP, either acting as a heterogeneous nucleating agent or an 
impurity. The former can improve crystallization, whereas the latter destroys the 
integrity of crystallization. The dual-functions of ATPU exist simultaneously. 
However, when the content of ATPU is below 2.0wt%, the nucleating effect is 
dominant, so that the crystallinity is raised. When the content of ATPU is above 
2.0wt%, the structure integrity of samples tend to be spoiled and the capacity of 
crystallization declined. 
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For the samples containing ATPU, the crystallization onset temperatures(Tonset) are 5-
8°C higher than that of PP homopolymer. Tc is 4-8°C higher than that of PP(108.7°C). 
Meanwhile, the ∆Tc is 7-12°C narrower than that of pure PP(46.2°C). The sample 
containing 4.0 wt% of ATPU led to higher Tc and minimum ∆Tc. The alternations in 
the crystallization enthalpies (∆Hc) are related to the extent of crystallization. When 
the content of ATPU is lower than 2.0wt%, the values of ∆Hc for PP/FPP are always 
higher than that of pure PP and reaches the maximum at 1.5wt%. The results imply 
that the crystallization rate of blends was accelerated by functional groups at the level 
of 0.5-2.0wt%. The results were in accord with that obtained from isothermal 
crystallization analysis. The sample with 1.5wt% ATPU promoted PP crystallization 
most significantly since it showed the greatest ∆Hc among all modified samples and 
smaller ∆Tc. With the increase of ATPU content, the values of ∆Hc for PP/FPP 
decreased. 
At the same time, we studied the PP/ ATPU blends with different contents of ATPU. 
Tables 5 and 6 present the results of DSC heating and cooling scans for the various 
blends. 

Table 5  DSC data for PP and PP/ATPU from heating scans 

Content of ATPU(wt%) Tonset(°C) Tm(°C) ∆Tm(°C) ∆Hf(J/g) X(%) 

0 155.8 171.6 69.0 92.29 44.16 
0.5 154.7 170.0 68.9 82.38 39.42 
1.0 154.9 172.6 66.7 83.72 40.06 
1.5 154.2 170.6 66.1 82.43 39.44 

Table 6  DSC data for PP and PP/ATPU from cooling scans 

Content of ATPU(wt%) Tonset(°C) Tc(°C) ∆Tc(°C) ∆Hc(J/g) 

0 112.6 108.7 46.2 97.32 
0.5 117.4 112.3 37.0 93.32 
1.0 117.4 112.8 40.8 96.12 
1.5 117.9 112.8 39.7 96.00 

As can be seen, the melting temperature (Tm) of the blends almost remains the same as 
that of PP, whereas the ∆Hf values of blends were lower than that of PP, indicating a 
decrease of crystallinity. Moreover, Tc of PP/ATPU blends was about 4°C higher than 
that of the PP, regardless of  the various contents of ATPU in the blends. The 
crystallization behavior of PP/ATPU was also different from that of PP/PP-g-ATPU. 
In PP/PP-g-ATPU, ATPU was grafted on PP and well-dispersed in PP, leading to 
more crystal grains than those in PP/ATPU blends. As a result, PP-g-ATPU evidently 
accelerated the growth of crystallization.  

Effect of FPP on the crystallinity and crystal parameters 

PP is a polymorphic form material with a high tendency to crystallize, resulting in 
several crystal modifications[26], such as monoclinic(α), hexagonal(β), and 
triclinic(γ). Among them, α–modification is most frequently formed during PP, 
while β–modification often appears at a higher undercooling temperature. The γ–
modification is observed in degraded, low molecular weight PP or when it crystallizes 
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under a high pressure. The WAXS diffractograms for PP and PP/FPP blends, shown 
in Figures 6, have similar features. The curves exhibit scattering angles at 2θ=14.100, 
16.900, and 18.560, indicating an α-phase monoclinic structure. The degree of 
crystallinity can be estimated with the following formula: 

 100(%) ×
+

=
ac

c

SS

S
ityCrystallin  (8) 

where cS is the area of crystallization and aS is the amorphous area. 

As can be seen in Figure 6, when the content of functional group is low in the samples 
(<1.5wt%), the crystallinity increased with an increase of functional group in the 
PP/FPP blends. The results are consistent with those found in DSC analysis. 
The crystallite size (D) vertical to the lattice plane (hkl) can be obtained by Scherrer’s 
equation: 

 
θβ

λ
cos

k
D =  (9) 

where k is the factor of the crystal figure, λ is the wavelength of the X-ray(λ=1.541Å), 
and θ is the diffraction angle, β is equal to ( 2

0
2 bB − )1/2 , where B is the width at half-

tallness of the diffraction peak and b0 is the broadening factor of the instrument, if we 
take no account of the lattice distortion, the equation can be simplified as follows: 

 
θ
λ
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89.0

B
D =  

The results of WAXS for PP and PP/FPP blends are shown in Table 7 and Figure 6, 
dhkl is the space between lattice planes (hkl) and I is the relative intensity of crystalline 
peaks. 
As can be seen, the crystallite size D decreased with an increasing amount of FPP. 
The D values for lattice planes 110 and 040 decrease more evidently than that of 
lattice plane 130. The results suggest that the crystallization of PP/FPP is less perfect 
than that of PP.  

Table 7  Crystal Parameters of PP and PP/FPP Samples obtained from WAXS 

Content of ATPU(wt%) hkl 2θ/(°) dhkl/nm I D/nm Xc(%) 

0 110 14.10 0.628 100 18.17 68.63 
 040 16.90 0.524 44 20.91  
 130 18.56 0.478 32 20.37  

0.2 110 14.14 0.626 100 15.94 72.60 
 040 16.92 0.524 64 20.70  
 130 18.58 0.477 45 17.43  

0.5 110 14.08 0.628 100 17.11 67.50 
 040 16.88 0.525 65 20.49  
 130 18.56 0.478 39 20.85  

1.0 110 14.08 0.628 100 16.47 65.26 
 040 16.86 0.525 70 20.59  
 130 18.56 0.478 41 19.20  
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Figure 6  WAXS diffractogram of PP and PP/FPP blends: 
(a) PP ; (b) 0.5wt%ATPU; (c) 0.2wt%ATPU quenched to room temperature quickly; 

(d) 0.2wt%ATPU annealed at 120°C 

Figure 6 (c) and (d) reveal the effect of cooling rate (quenched to room temperature 
and  annealed at 120°C respectively). When the content of ATPU was low (<0.5wt%), 
β-phase hexagonal crystal was found in the modified PP. However, the structure 
disappeared as the content of ATPU increased. In spite of several advantages, such as 
higher impact strength, and good  toughness, PP of β-crystalline form is not stable or 
readily transformable to the α-phase monoclinic structure under certain circumstances, 
such as the changes in temperature, temperature gradient and stress, etc.[27]. 

Morphological studies 

Figure 7 shows polarized optical micrographs of PP and PP/FPP that were crystallized 
isothermally at 124°C. As can been seen inform Figure 7 (a), there are a number of 
spherulites impinging on each other for pure PP. The addition of FPP resulted in a 
decreased spherulite size but less perfection (Figure 7 (b) and (c)). At a high FPP 
content (2.0wt%) the spherulites were no longer clearly visible (Figure 7 (d)). The 
results indicated that spherulites size and perfection of PP crystal decreased as ATPU 
content increased, and were consistent with those obtained from DSC, WAXD and 
isothermal crystallization analysis.  
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Figure 7  Polarized optical micrographs of PP and PP/FPP blends in isothermal crystallization at 
124°C: (a) 0wt%ATPU; (b) 0.2wt% ATPU; (c)1.0wt% ATPU ; (d)2.0wt% ATPU 

Conclusions 

Blending FPP with PP did not alter the crystal conformation, but induced the 
formation of a small amount of β-phase crystal when the content of functional groups 
(i.e., ATPU) was less than 0.5wt%. When the content of FPP was low (below 
2.0wt%), FPP acted as a heterogeneous nucleating agent and accelerated the 
crystallization. In an isothermal crystallization process, the crystallization rate of PP 
increased with the increase of FPP contents. When the content of ATPU was 2.0wt% 
or higher, the crystallinity decreased, and so did the crystallite sizes (D). It was found 
that the crystallization of the blends containing a high amount of ATPU was less 
perfect than that of PP homopolymer. The nucleation mode of PP/FPP blends was also 
more complicated than that of PP. 
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