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SYNOPSIS 

The thermal properties of ethylene-propylene copolymer grafted with glycidyl methacrylate 
(EP-g-GMA) were investigated by using differential scanning calorimetry (DSC). Compared 
to the plain ethylene-propylene copolymer (EP), peak values of melting temperature (T,) 
of the propylene sequences in the grafted EP changed a little, crystallization temperature 
(T,) increased about 8-12"C, and melting enthalpy (AH,) increased about 4-6 J/g. The 
isothermal and nonisothermal crystallization kinetics of grafted and ungrafted samples 
was carried out by DSC. Within the scope of the researched crystallization temperature, 
the Avrami exponent (n) of ungrafted sample is 1.6-1.8, and those of grafted samples are 
all above 2. The crystallization rates of propylene sequence in EP-g-GMA were faster than 
that in the plain EP and increased with increasing of grafted monomer content. I t  might 
be attributed to the results of rapid nucleation rate. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

The development of new materials by polymer 
blending has become an increasingly important in- 
dustrial activity because it is a way of modifing some 
basic properties of existing polymers. Generally, 
melt mixing of two polymers leads to a two-phase 
system because polymers are often thermodynami- 
cally immiscible. The resulting material exhibits 
poor properties as a result of a weak adhesion be- 
tween two phases. Methods to improve phase adhe- 
sion between two immiscible components have been 
the subject of research activity.'-'' In recent years, 
GMA has been reported as the grafting monomer of 
polyolefins, which can be functionalized as in situ 
compatibilizers of polymer alloys, such as polyolefins 
blended with polyamides and  polyester^.'^-'^ 

The aim of this work is to study the influence of 
the grafted GMA in EP-g-GMA samples on their 
thermal properties, including melting and crystal- 
lization temperature, fusion enthalpy , crystallization 
kinetics, nucleating effect, etc. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 62, 1933-1939 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-8995/96/111933-07 

EXPERIMENTAL 

Materials 

The low ethylene content ethylene-propylene co- 
polymer (EP) was supplied by Liao Ning PanJin 
Natural Gas Chemical Co. (China), commercial 
model P340. Its melting flow index (MI) is about 1.0 
g/10 min, and the Cz content is 10%. EP-g-GMA 
samples were prepared by reaction extruding. The 
details of preparation and characterization were re- 
ported in a previous art i~1e.l~ The compositions and 
the degree of grafting of samples used in this work 
were listed in Table I. 

Optical Microscopy Observation 

Small samples were placed on a glass slide in a 
compression molder and heated to 200°C and held 
for 5 min. After melting, a coverslide placed over 
the sample was pressed down manually to produce 
a thin film; the resulting film was put on the hot 
stage. Before observation, the temperature of the 
hot stage was controlled 126°C for E P  and 132°C 
for EP-g-GMA, and then isothermal crystallization 
was monitored. Growth of the spherulites of EP and 
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Table I The Compositions and The Grafting Degrees of Investigated Samples 

Code EP Content (%) DCP Content (%) GMA Content (%) Grafting Degree (%) 

A 100 0 0 0 
B 100 0 4 0 
C 100 0.1 2 0.29 
D 100 0.1 4 0.54 
E 100 0.1 6 0.77 
F 100 0.1 8 0.81 

EP-g-GMA was observed in an Universal R Pol po- 
larizing microscope. 

Thermal Analysis 

A Perkin-Elmer DSC-I1 was used to research the 
thermal properties of EP and EP-g-GMA. The mea- 
surements of T,, T,, and AH, were carried out under 
a nitrogen atmosphere using a heating and cooling 
rate of 10 K/min. The kinetic studies were also car- 
ried out by using calorimetric techniques. For iso- 
thermal crystallization experiments, the samples were 
heated about 10°C higher than their corresponding 
melting temperature and held for 10 min. Subse- 
quently, the samples were cooled at a rate of 10 
K/min to the desired temperatures. The correspond- 
ing thermograms were recorded as a function of time 
until the crystallization was completed. For the non- 
isothermal tests, samples were held at 473 K for 10 
min to remove thermal history. The sample was then 
cooled at a rate of 5,  10, 20, 40, and 80 K/min to a 
final temperature of 300 K. Before the thermal anal- 
ysis, all samples were extracted with boiling benzene 
to remove the unreacted monomer and GMA ho- 
mopolymer. The pure E P  was also treated with the 
same procedure. 

RESULTS AND DISCUSSION 

Analysis of Thermal Parameters 

Melting temperature ( Tm), crystallization temper- 
ature (Tc), and melting enthalpy (AH,) of propylene 

sequences in EP and EP-g-GMA specimens were 
shown in Table 11. Compared with the plain EP, T, 
values of propylene crystals in EP-g-GMA decreased 
1-2"C, and AH,,, increased 4-6 J/g. The crystalli- 
zation temperature of propylene sequence in EP-g- 
GMA increased 8-12°C. These results could be ex- 
plained from the monomer grafted position. E P  used 
in this work containes about 10% of ethylene. 
Grafting reactions occurred mainly on ethylene se- 
quences." Therefore, the grafted GMA molecules 
were preferentially bonded to ethylene sequences. 
The grafted GMA could act as a nucleation agent, 
which improved the crystallization capability of 
propylene sequences, and propylene sequences might 
crystallize a t  higher temperature. 

Isothermal Crystallization 

In this work, we assume that the crystallization be- 
havior of E P  and EP-g-GMA obeys the basic Avrami 
assumption, i.e., the crystallization of propylene se- 
quences of E P  and EP-g-GMA proceeds by radial 
growth from random nuclei until growing spherulites 
impinge with neighboring spherulites. The following 
optical microscopy provides the proof. Figure 1 
shows the morphology of EP and EP-g-GMA iso- 
thermally crystallized from the melt. It is clearly 
seen that the growing spherulities of EP and EP-g- 
GMA have impinged with the neighbors. In the pre- 
vious work of one of authors of this paper,lg mor- 
phologies of ethylene-propylene copolymers with C2- 
content of 88, 81, and 74 mol % (named as EP88, 

Table I1 
and (T, - T,) of Propylene Sequences for EP and Differentt GMA Contents of EP-g-GMA 

Melting Temperature (Tm), Crystallization Temperature (T,), Melting Enthapy (AHm), 

Code Grafting Degree (%) T m  ("C) T, ("0 A H ,  (J/g) T m  - T c  ("C) 

A 
B 
C 
D 
E 

0 
0 
0.29 
0.54 
0.77 

168.3 109.2 74.4 
168.0 111.0 74.6 
167.3 123.6 78.5 
167.0 124.8 80.6 
165.9 125.5 80.7 

59.1 
57.0 
43.7 
42.2 
40.4 
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EP-g-GMA with GMA content 0.77% EP 

Figure 1 
respectively. 

Optical micrographs of E P  and EP-g-GMA crystallized at 125 and 132"C, 

EP81, and EP71) were studied. It was found that 
spherulites of propylene sequences of EP88 and 
EP81 copolymers were crystallized from random 
nuclei and grew by radial growth until impingement 
with neighbor spherulites took place. Hence, it can 
be considered that EP and EP-g-GMA obey the basic 
Avramic assumptions. It is reasonable to describe 
the isothermal crystallization of EP and EP-g-GMA 
by using the Avrami equation. 

The Avrami equation for isothermal crystalliza- 
tion is represented as 

1 - X ,  = exp(-Kt") (1) 

where X ,  is the relative crystallinity by volume, k is 
the rate constant, and n is the Avrami exponent. K 
and n are determined by the conventional Avrami 
method. Figures 2 and 3 show Avrami plots with the 

isothermal DSC data obtained at  various crystalli- 
zation temperatures for E P  and EP-g-GMA. It is 
easily seen in the Avrami plots that the Avrami 
equation describes the isothermal crystallization 
fairly well in the early stage. Because of curvature 
a t  the latter stage of crystallization, only the linear 
portion was used to estimate crystallization kinetics 
of investigated specimens. Some authors have at- 
tributed the curvature to secondary crystallization," 
leading to isothermal lamellar thickening, nucleation 
and growth processes occurring simultaneously." 
The kinetic parameters determined by the plot 
log[-ln(1 - X,)] against log are listed in Table 111. 
The values of exponent n shown in Table I11 were 
not integral. This might be caused by such factors 
as mixed nucleation modes, secondary crystalliza- 
tion, or intermediate dimensionality of crystal 

I 
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Figure 2 The AVRAMI plot of plain EP. 
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The AVRAMI plot of EP-g-GMA with a GMA Figure 3 
content of 0.50%. 
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Table I11 Kinetic Parameters of EP and EP-g-GMA at Different Crystallization Temperatures (T,) 

Grafting Degree T c  K t1/2 

Sample (%I ("C) (min-") n (min) 

E P  
E P  
E P  
E P  
EP 

EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EP-g-GMA 

EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EPg-GMA 

EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EP-g-GMA 

0 
0 
0 
0 
0 

0.29 
0.29 
0.29 
0.29 
0.29 

0.54 
0.54 
0.54 
0.54 
0.54 

0.77 
0.77 
0.77 
0.77 
0.77 

122 
123 
124 
125 
126 

130 
132 
134 
136 
138 

130 
132 
134 
136 
138 

130 
132 
134 
136 
138 

0.133 
0.102 
0.074 
0.052 
0.003 

0.179 
0.149 
0.084 
0.071 
0.028 

2.110 
0.650 
0.303 
0.970 
0.270 

2.260 
0.900 
0.307 
0.111 
0.036 

1.8 
1.8 
1.6 
1.6 
1.7 

2.05 
2.04 
2.12 
2.23 
2.29 

2.1 
2.1 
2.2 
2.3 
2.3 

2.1 
2.1 
2.3 
2.3 
2.4 

2.7 
3.6 
4.6 
5.0 
6.7 

1.9 
2.1 
2.7 
2.8 
4.0 

0.6 
1.0 
1.5 
2.4 
3.9 

0.6 
0.9 
1.4 
2.2 
3.4 

growth." The Avrami exponent n of pure EP was 
1.7-1.8, and values of EP-g-GMA were all higher 
than 2. The higher content of GMA in EP-g-GMA, 
the higher the value n. It is well established that PP 
undergoes athermal n ~ c l e a t i o n . ~ ~ ~ ~ ~  The Avrami ex- 
ponent for the athermally nucleatedz5 and truncated 
sphere is in the range of 2 to 3. Truncated spheres 
are formed when spherulities impinged. 

Crystallization rates of polymers can be expressed 
in terms of half time t112, which defined as the time 
that it needs to fulfill the half crystallinity. The 
shorter the half time, the faster the crystallization 
rate, and vice versa. Figure 4 shows the changes of 
half time tII2, as a function of the crystallization 
temperature for the pure E P  and EP-g-GMA. In all 
cases, tllP increases exponentially at the higher crys- 
tallization temperature, confirming that the ordering 
process occurs through a nucleation mechanism.26 

120 124 128 132 136 140 

CRYSTALLIZATION TEMPERATURE (c) 

Figure 4 Plot of crystallization half-time against crys- 
tallization temperature: (1) EP; ( 2 )  EP-g-GMA with a 
GMA content of 0.26%, ( 3  ) EP-g-GMA with a GMA con- 
tent of 0.54%, and ( 4 )  EP-g-GMA with a GMA content 
of 0.77%. 

0 10 20 30 40 50 

Cooling ra te  (K/min) 

Effect of the grafting degree and cooling rate Figure 5 
on crystallization temperature. 
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For the same crystallization temperature, the values 
of tl12 for high GMA content of EP-g-GMA are larger 
than that for low GMA content of EP-g-GMA. This 
behavior is related to the nucleating activity of gly- 
cidyl methacrylate in the crystallization of the EP. 
The experimentally accessible crystallization tem- 
peratures for grafted EP shown in Figure 4 are higher 
than those accessible for the ungrafted samples, 
which indicates that the grafted GMA induces an 
increase in the crystallization rate of propylene se- 
quences; otherwise, the behavior of EP and EP-g- 
GMA should be identical. 

According to Turndull-Fisher equation, the radial 
growth rate of polymer spherulities G is described 
as 

G = G,.~X~[-AF"/KT]~X~[-A+~/KT] (2) 

where AF" is the free energy of formation of a surface 
nucleus of critical size, A+" the diffusional activation 
energy of crystallizing segments across the phase 
boundary, R the gas constant, and T the crystalli- 
zation temperature in K. Using WLF AF" 
can be expressed as following 

AF' = 412OTc/(51.6 + T, - T,) (3) 

where T, is the crystallization temperature and Tg 
the glass transition temperature. In the present 

Table IV 
Cooling Rates for EP and EP-g-GMA 

The Ziabicki Exponent (n") at Various 

Sample Grafting Degree Cooling Rate n" 

EP 0 5 3.71 
EP 0 10 3.28 
EP 0 20 3.01 
EP 0 40 2.94 

EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EP-g-GMA 

EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EP-g-GMA 

EP-g-GMA 
EP-g-GMA 
EP-g-GMA 
EP-g-GMA 

0.29 
0.29 
0.29 
0.29 

0.54 
0.54 
0.54 
0.54 

0.77 
0.77 
0.77 
0.77 

5 
10 
20 
40 

5 
10 
20 
40 

5 
10 
20 
40 

4.42 
4.47 
4.12 
3.39 

4.45 
5.15 
4.32 
4.33 

4.77 
5.45 
4.80 
4.78 

work, Tg for pure EP is almost equal to that of EP- 
g-GMA (272-274 K). Because the T, of EP-g-GMA 
is higher than EP, we could conclude that AF" of 
EP-g-GMA are higher than EP. When the radial 
growth rate was dominated by AF", the crystal 
growth rate of grafted EP are lower than EP. 

-- 
a, s 

4- a, 1 3 1  

A' I 
Qj 
v? I 
r: I 

8: EP-g-GMA with GMA content 0.26% 
A: EP-g-GMA with GMA content 0.54% 

' EP-g-GMA with GMA content 0.77% 
~ EP-g-GMA with GMA content 0.81% -. 

0 9 '  I ! 
1 ! 

0 10 20 30 -1-0 50 

Cooling rate (K/min) 
Figure 6 
difference between the onset temperature and the peak temperature. 

Effect of grafting degree on crystallization rate expressed by means of the 
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1.20 

0.90 

ci 
N 

0.60 

0.30 

OIEP-g-GMA with GMA content OIEP-g-GMA with GMA content 

0.26% 
0.54% 

0.77% 
0.81% 

0 20 40 60 80 100 

Cooling rate (K/min) 
Figure 7 Effect of grafting degree and cooling rate on the Ziabicki rate constant. 

The effect of AW on the radial growth rate could 
be analyzed as follows. AW is expressed as28 

A@’ = Tg * 4b, * u * ue/AHm( TO, - T,) ( 4 )  

where b, is the monolayer thickness, u the lateral 
surface energy, u, the fold surface energy, AHm the 
heat of fusion, and T$ the equilibrium melting tem- 
perature. From Table 11, we know that the AHm for 
EP-g-GMA is higher than EP only (4-6 J/g), and 
the equilibrium melting temperatures of propylene 
sequences for different ethylene contents was iden- 
tical (210°C).29 When the growth rate is dominated 
by the AW, from the eq. (4 ) ,  we know the G value for 
EP-g-GMA is lower than EP. It is well known that 
crystallization rates were determined by the nucle- 
ation rate and crystal growth rate. From the above 
discussion, it is found that the overall crystallization 
rates of EP-g-GMA are higher than that of EP, and 
the radial growth rates of EP-g-GMA are lower than 
EP. Therefore, we can conclude that EP-g-GMA have 
more rapid nucleation rates than EP. 

Nonisothermal Crystallization 

Figure 5 shows the dependence of crystallization 
peak temperature on the cooling rate for various 
samples, we found that crystallization temperature 
of EP-g-GMA is about 10 K higher than the plain 

EP. It suggested that the degree of supercooling of 
EP-g-GMA is higher than pure EP. 

Back and Ledbetter3O suggested that the smaller 
the difference between the onset and the peak tem- 
peratures, the faster the overall crystallization rats. 
The onset temperature indicates the beginning of 
the crystallization process, while the maximum of 
the exotherm peak indicates the occurrence of 
spherulite im~ingement .~~ Figure 6 shows the dif- 
ference between the onset and peak temperatures 
for representative samples. The difference is smaller 
for all grafted samples, indicating the grafted EP 
spherulities crystallized faster and impinged earlier 
than the nonfunctionalized EP. The overall crys- 
tallization rate is controlled by two mechanisms, 
namely, nucleation rate and growth rate. The grafted 
GMA onto EP molecule chain may increase the nu- 
cleation rate. 

The Ziabicki analysis32 is also an extension of the 
Avrami analysis to nonisothermal conditions. The 
kinetics of nonisothermal crystallization can be 
characterized by eq. ( 5 ) .  

log[-ln(1 - X ( t ) ) ]  = nlog t + log Zt. (5) 

The rate constant 2, and the morphological expo- 
nent n” can be obtained from the intercept and the 
slope of a plot of log[-ln(1 - X ( t ) ) ]  versus logt. The 
final form of 2, has to be corrected by considering 
the effect of the cooling rate: 
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log 2, = log Z,/a (6) 

The results were reported in Table IV. Values of n" 
ranged from 3.0 to 4.0. In the range of cooling rates, 
n" does not change significantly with the cooling rate. 
The n" of EP-g-GMA is higher than the n" of pure 
EP. This is in accordance with the isothermal re- 
sults. The rate constant 2, reflects the crystallization 
kinetics and is equivalent to the Avrami rate con- 
stant in isothermal crystallization kinetics. Figure 
7 shows that 2, values of EP-g-GMA are higher than 
that of EP, and 2, increases to a plateau of 2, 
= 1.06-1.10 in the case of EP-g-GMA and 2, = 0.90 
in the case of EP. 

CONCLUSION 

Functionalization of E P  led to an increase in crys- 
tallization temperatures of propylene sequences. It 
is attributed to the fact that the grafted GMA can 
act as a nucleating agent for crystallization of pro- 
pylene sequences. The isothermal and nonisother- 
ma1 crystallization kinetics showed that the Avrami 
exponent n and Ziabicki exponent n" for EP-g-GMA 
were all higher than that for EP. The results of crys- 
tallization kinetics indicated that the grafting of 
GMA onto E P  caused an increase in the crystalli- 
zation rate of propylene sequences. This confirmed 
the previous conclusion. 

We acknowledge the financial support of the Department 
of Material Sciences, National Natural Sciences Foun- 
dation of China, Project No. 59433010-01. 
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