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Abstract

Crystallization kinetics of an isotactic homopolymer polypropylene (HPP), an impact copolymer polypropylene (ICPP),
and their composites were studied in this work. The Avrami—Jeziorny and Mo models successfully described the crystal-
lization process. When the ICPP content increased, the crystallization rate first increased and then decreased with the high-
est crystallization rate at the ICPP content of 60 mass%. The nucleation activity kept increasing with the rise of the ICPP
content, demonstrating that the rubber phase in the ICPP acted as a nucleating agent and prompted the nucleation process.
The decrease in crystallization rate when the ICPP content was higher than 60 mass% might be caused by the decrease in
chain mobility and the increase in crystal—crystal interactions. When the ICPP content exceeded 60 mass%, the crystalliza-
tion activation energy increased evidently, indicating lower polymer chain mobility. Meanwhile, the Avrami exponent, n,
decreased, suggesting limited crystal growth space and higher crystal—crystal interactions. The nucleation activity showed
high correlations to the mechanical and thermal properties of the materials. The Avrami exponent also had relatively high
correlations to these properties. The results improved the understanding of the crystallization behaviors of the HPP-ICPP

composites and helped predict their potential mechanical behavior changes.

Keywords Polypropylene - Crystallization kinetics - Avrami—Jeziorny model - Mo model - Crystallization activation

energy - Nucleation activity

Introduction

Polypropylene (PP) has been widely used as a thermoplas-
tic resin in various fields including packaging, appliances,
construction and automobile due to its outstanding physical
and mechanical properties [1]. PP has occupied almost 20%
of the market shares and continues to grow [2, 3]. Isotac-
tic homopolymer polypropylene (HPP) in a semicrystalline
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solid form, which contains only propylene monomer and
the methyl groups are arranged on the same side of the main
chain, is the most widely utilized general-purpose PP and
is offered by many suppliers in the market [3]. However,
the relatively low impact strength and high brittleness of
HPP limit its applications. Blending or copolymerizing
HPP with elastomers/rubbers can generate various types of
impact copolymer PP (ICPP) with improved impact resist-
ance. This is an effective and practical modification, which
has been successfully commercialized on large scales [4-6].
The characteristics of the elastomer/rubber phase including
shape, size, distribution, and loading level, have significant
influences on ICPP’s impact strength and other properties
[3, 7]

Different applications desire different impact strengths.
Therefore, various ICPP products have been manufactured to
satisfy different needs. But the complicated material portfo-
lio could increase supply chain difficulties, and the complex
chemical compositions could hamper recycling and reusing
of the materials. Our previous study successfully demon-
strated a strategy of mixing an HPP and an ICPP with high
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impact strength to obtain composites with impact strengths
in between [8]. The mixtures show graduate changes in
impact strength, tensile properties, and flexural properties
depending on the HPP-ICPP composition. The strategy
could shorten the portfolio to two basic materials, reduce
inventory, and simplify the chemical profile for recycling.

Degree of crystallinity, nucleation mechanism, and crys-
talline structure strongly affect the properties of HPP, ICPP,
and their mixtures [9, 10]. In general, the surface of the filler
particles (elastomers/rubbers) in ICPP may act as nucleation
agents and affect the amount and/or type of the crystal phase
in the composites notably, which could significantly influ-
ence the mechanical properties, such as tensile and impact
strength [11]. Thus, it is essential to study both the nuclea-
tion and crystal growth processes to understand the crystal
phase and help optimize the properties of HPP, ICPP, and
their composites.

Kinetic parameters of non-isothermal crystallization can
provide rich information about the process [12, 13]. Several
empirical and theoretical models, such as Avrami, Ozawa,
and Mo equations, have been developed to describe differ-
ent non-isothermal crystallization processes [14—17]. The
Avrami equation has a parameter indicating crystalliza-
tion rate, and the Avrami exponent, n, is related to nuclea-
tion mechanism and crystal growth geometry. The Ozawa
model adds the cooling rate into account. The Mo equation
combines the Avrami and Ozawa equations and deduces a
parameter with definite physical meaning, describing the
necessary cooling rate to reach a given degree of crystallin-
ity in a unit time. These three models have been widely used
to elucidate crystallization processes of polymers and their
composites [18-24].

The main scope of this work is to explore the effects of
ICPP content on the crystallization behaviors of HPP-ICPP
composites made by direct thermal mixing with commer-
cial grade materials. The crystallization kinetics study helps
understand whether the thermal mixing process impacts
the polymer crystalline structure and kinetics in the plastic
converting process, which provides critical information for
formulation design during the product development. The
research outcomes are also crucial to predicting the potential
mechanical behavior change of the mixtures when different
ratios of HPP to ICPP are used. Composites with 20, 40,
60, and 80 mass% of the ICPP were prepared. Crystalliza-
tion processes at cooling rates from 5 to 15 °C min~! were
investigated. Crystallization kinetics of the ICPP, HPP and
their composites were analyzed using the Avrami equation
modified by the Jeziorny method, Ozawa equation, and Mo
equation. Furthermore, the apparent crystallization activa-
tion energy and nucleation activity were calculated based on
the differential scanning calorimetry (DSC) analyses using
the Kissinger and Dobreva Gutzow methods, respectively.
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Experimental
Materials

Polymer pellets of an HPP (ExxonMobil™ PP1264E1) and
an ICPP (ExxonMobil™ PP7684KNE1) were donated by
ExxonMobil Chemical Company (Houston, TX). Both the
HPP and ICPP had a density of 0.9 g cm™>. The melt mass-
flow rates (MFR) of the HPP and ICPP were 20 and 19 g per
10 min, respectively.

Sample preparation

Thermal mixing of the HPP and ICPP was performed using
a C.W. Brabender mixer (CWB-2128, Hackensack, NJ)
at 200 °C. The two roller blades of the mixer, simulating
the twin-screw extruder mixing action, counter-rotated at
60 rpm. The loading levels of the ICPP used in this study
were 20, 40, 60, and 80 mass% based on the total mass of
the composites. The HPP and ICPP pellets were first dry
blended and then melted in the mixer at 200 °C. Next, the
solidified mixtures were ground into pellets using a low-
speed granulator (Shini Plastic Technologies Inc., Wil-
loughby, OH) with a sieve size of 3 mm. The samples of pure
HPP and ICPP were also prepared using the same procedure
before the DSC analysis.

DSC analysis

Differential scanning calorimetry (DSC) analysis was car-
ried out with a DSC-250 calorimeter (TA Instruments, DE,
USA). About 10 to 15 mg of each sample was sealed into
Tzero pans. The sample was first heated from 40 to 200 °C
at a rate of 10 °C min~! and maintained at 200 °C for 2 min
to remove thermal history. Then, the non-isothermal crystal-
lization was performed at a series of cooling rates (5, 7.5,
10, 12.5, and 15 °C min~!) to obtain the curves from 200
to 40 °C, respectively. The samples were again heated to
200 °C at 10 °C min~"' to analyze their melting behaviors.
The melting enthalpy was obtained from the melting peak
area of the second heating cycle. The crystallinity was cal-
culated using the latent heat of fusion of 100% crystalline
polymer (207 J g~ for polypropylene) divided by the melt-
ing enthalpy [25, 26]. All tests were performed under an N,
atmosphere (50 mL min~"). Each sample was measured in
triplicates. All data analyses were performed with TRIOS
software (TA Instruments, DE, USA).
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Results and discussion

Crystallization behavior

Figure 1 depicts the DSC cooling curves of the non-iso-
thermal crystallization for the HPP, ICPP, and the com-
posites. The crystallization onsets and peaks shifted to
higher temperatures as the cooling rate decreased. Lower
cooling rates, which could provide more nucleation time
and more energy for polymer chains to move around, were
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Fig.1 DSC cooling curves at different cooling rate

considered better crystallization conditions for nucleation
and crystal growth [27, 28].

At the same cooling rate, the onset and peak tempera-
tures of crystallization increased with the increase of the
ICPP content (Fig. 2a, b). The results indicated that the
rubber phase in the ICPP might act as a heterogeneous
nucleating agent and facilitate the crystallization process,
especially during the early nucleation stage. However, the
elevated nucleation rate could lead to stronger crystal-
crystal interaction and less perfect crystallization when
compared to the neat HPP. Therefore, the crystallinity
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Fig.2 Non-isothermal crystal-
lization behavior of HPP, ICPP
and the composites. a: crystal-
lization onset temperature, b:
crystallization peak tempera-
ture, and c: crystallinity

tended to decrease with the increase of the ICPP content
at the same cooling rate, as shown in Fig. 2c. This phe-
nomenon was more pronounced at higher cooling rates.
A similar phenomenon was observed in a previous report
[29].

The relative degree of crystallinity (X,) as a function of
temperature (7)) can be described with the following Eq. 1.
In a non-isothermal crystallization process, crystallization
time (7) can be calculated by Eq. 2.
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where T, and T, are the initial and final temperatures of
crystallization, respectively. dH. is the enthalpy of crystalli-
zation released during an infinitesimal temperature interval.
T represents the temperature at the crystallization time ¢, and
@ is the cooling rate.

The evolutions of the relative degree of crystallinity (X))
during the non-isothermal crystallization processes are
presented in Fig. 3. All curves were sigmoid, indicating
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that the crystallization accelerated when nuclei gradually
formed at the beginning of the process and slowed down
when the process was close to the finish. All samples dis-
played a similar tendency: the curves shifted to the right
on the time axis as the cooling rate decreased, especially
when the cooling rate dropped from 10 to 5 °C min~!. A
longer leading time under a lower cooling rate was because
the nucleation became slower.
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Fig.3 The relationships of relative crystallinity and time at different cooling rate
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Non-isothermal crystallization kinetics

Kinetic analyses were carried out with three widely accepted
models, including the modified Avrami (Jeziorny the-
ory), Ozawa, and Mo equations [21-24], to provide more
insights of the non-isothermal crystallization behavior of
the samples.

Jeziorny theory

The widely used Avrami equation for isothermal crystalliza-
tion was described in Eq. 3. With the assumption of constant
crystallization temperature, taking the natural logarithm of
both sides of Eq. 3 can generate Eq. 4 for linear regression.

1 — X, = exp(—Z1") 3)

In[-In(1 - X,)| = InZ, + nlnt 4)

where Z, is the crystallization rate constant, and n is the
Avrami exponent, which depends on the nucleation mecha-
nism and crystal growth dimension.

The crystallization half-time (t,,,), which is the dura-
tion required to achieve 50% crystallization, can be cal-
culated with Eq. 5 [30]. A smaller ¢, suggests a quicker
crystallization.

1/n
ln2>
fpp= | — 3)
=%

Considering the effect of cooling rate, Jeziorny defined a
new crystallization parameter Z_ to describe practical non-
isothermal crystallization at different cooling rates (@), as
shown in Eq. 6. The Z; value indicates the crystallization
rate [22, 31].

InZ,
anC = F (6)

Figure 4 illustrates the plots of In[-In(1-X,)] against In ¢,
and the kinetic parameters derived from the fitting lines based
on the Jeziorny theory are summarized in Table 1. Under all
cooling rates, the fitting lines overlapped on the experimental
data points well, and all R? were higher than 0.96, suggest-
ing the Jeziorny model described the crystallization process
in this case. For the same sample, the Z_ value increased with
the increase in the cooling rate because the crystallization
process was quicker when cooling faster. When comparing
different samples, the Z_ value increased with the increase in
the ICPP content up to 60% at most cooling rates, suggesting
quicker crystallization. However, as the ICPP content exceeded
60%, the Z_ value began to decrease, implying the accelerat-
ing effect started to fade. The highest crystallization rate at
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60% ICPP agreed with the result of crystallization half-time
(t,5,) (Table 1) and the observation in Fig. 2. The neat ICPP
had a larger Z_ than the neat HPP, indicating the ICPP crystal-
lized quicker than the HPP.

The value of n depends on the crystallization mechanism
and crystal growth dimension [32, 33]. For values of 2<n <3,
the growth occurs in two dimensions with lamella geometry;
for 3 <n <4, the growth takes place in three dimensions with
sphere geometry. The n values for the neat HPP were above
3 (Table 1), suggesting the crystal growth tended to occur in
three dimensions. When the ICPP was added to the HPP, the n
values increased at the beginning, implying the crystals more
likely grew into a spherulitic structure. For the cooling rates of
5.0, 12.5, and 15.0 °C min~", the highest n values were found
when 20% of the ICPP was added. For the cooling rates of 7.5
and 10.0 °C min~, the highest n values were observed when
40% of the ICPP presented. When the ICPP content continued
to increase, the n values gradually decreased. The n value of
the neat ICPP at the cooling rate of 5.0 °C min~" even dropped
below 3, indicating the crystals could grow in two dimensions
and some lamella structures could be formed. The decrease in
n value might be caused by the limited crystal growth space
and the increasing crystal-crystal interactions when large
amounts of ICPP were added and evidently promoted nuclea-
tion. The nucleation effect of the ICPP will be discussed in
detail in a later section. The evolution of the n value was simi-
lar to a biochar/polypropylene composite, whose n value first
increased and then decreased with the increase of the content
of biochar prepared by pyrolysis at 400 °C [20]. It was reported
that when the value of n was greater than 4, the crystals could
form complex spherulites [34]. In this study, however, all the
n values were well below 4, indicating that simple spherulites
were mainly formed in the crystallization processes. Moreo-
ver, the value of n was also affected by the cooling rate of the
same samples. Higher n values were observed with larger cool-
ing rates, which might be related to the increase in athermal
nucleation [15].

Ozawa equation

Since cooling rate (@) is an important factor in crystal-
lization process, Ozawa incorporated it by modifying the
Avrami equation as expressed in Eq. 7. To calculate the
rate constant K(7), Eq. 7 could be converted to Eq. 8 in the
double-natural logarithmic form.

—K(@)
¢om

1-X, =exp[ @)

In[-In(1 - X,)| = InK(T) — min® (8)

where K(7) was the crystallization rate constant and m is
the Ozawa exponent. Table 2 shows the kinetic parameters
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Fig.4 Plots of In(-In(1-X,)) versus In ¢ from the Jeziorny theory for non-isothermal crystallization

obtained from Eq. 8 by linear regression. Compared to
those from the Jeziorny theory, the fitting lines based on
the Ozawa equation showed evident deviations from linear-
ity with notably lower R? for the composites. The results
suggest that the Ozawa equation might not be suitable to

describe the non-isothermal crystallization of the compos-
ites studied in this work.
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Table 1 . N(?n—isc?the.rmal HPP/ICPP ratio @/°C min~! Zt/min™" Zc/min™" K~ Avrami expo- R? tip
crystallization kinetic nent n
parameters determined from
Jeziorny theory 100/0 5.0 0.075 0.015 3.29 0.99 1.96
7.5 0.188 0.025 3.56 0.99 1.44
10.0 0.297 0.030 3.36 0.99 1.29
12.5 0.533 0.043 3.48 0.98 1.08
15.0 0.635 0.042 3.35 0.98 1.03
80/20 5.0 0.077 0.015 3.49 0.99 1.88
7.5 0.221 0.029 3.61 0.99 1.37
10.0 0.589 0.059 3.47 0.99 1.05
12.5 0.703 0.056 3.55 0.99 1.00
15.0 0.988 0.066 3.47 0.99 0.90
60/40 5.0 0.105 0.021 3.39 0.98 1.74
7.5 0.262 0.035 3.76 0.99 1.30
10.0 0.686 0.069 3.49 0.98 1.00
12.5 1.017 0.081 3.28 0.96 0.89
15.0 2.136 0.142 3.38 0.98 0.72
40/60 5.0 0.112 0.022 3.26 0.97 1.75
7.5 0.471 0.063 3.43 0.98 1.12
10.0 0.756 0.076 3.30 0.98 0.97
12.5 1.535 0.123 3.22 0.97 0.78
15.0 1.932 0.129 3.20 0.98 0.73
20/80 5.0 0.106 0.021 3.15 0.98 1.81
7.5 0.273 0.036 3.31 0.98 1.33
10.0 0.709 0.071 3.25 0.98 0.99
12.5 1.121 0.090 3.13 0.98 0.86
15.0 1.779 0.119 3.15 0.99 0.74
0/100 5.0 0.099 0.020 2.98 0.98 1.92
7.5 0.224 0.030 3.07 0.99 1.44
10.0 0.702 0.070 3.16 0.99 1.00
12.5 0.934 0.075 3.05 0.99 091
15.0 1.364 0.091 3.02 0.99 0.80
Table 2 Non-isothermal crystallization kinetic parameters deter- In® = InF(T) — alnz ©)

mined from Ozawa equation

HPP/ICPP ratio InK(T) m R?
100/0 6.76 -531 0.99
80/20 7.11 — 481 0.93
60/40 7.25 — 429 0.90
40/60 7.16 —3.68 0.95
20/80 3.83 —1.68 0.89
0/100 3.71 - 137 0.98
Mo equation

In order to describe the non-isothermal crystallization pro-
cess more precisely, Mo and co-workers proposed a com-
bination of the Avrami and Ozawa equations (Eq. 9) [14].
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where F(T)= [K(T)/Zt]”m, which represents the cooling
rate required to achieve a defined degree of crystallinity at
unit crystallization time, and a=n/m, which is the ratio of
Avrami exponent n to the Ozawa exponent .

Figure 5 presents the plots of In @ versus In ¢, and the
fitting results are listed in Table 3. The plots showed good
linearity, and the R* was greater than 0.97 for most of the
samples, demonstrating that the Mo equation successfully
described the crystallization processes of both the neat
polymers and the composites. The a and F(T) values were
determined from the slopes and intercepts of the fitted lines,
respectively. The values of a varied in a small range from
1.10 to 1.58, similar to those reported in a previous study
[21]. The F(T) value is related to the crystallization rate.
A higher F(T) value implies a slower crystallization pro-
cess. The F(T) values increased with the increase of relative
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Fig.5 Plots of In @ versus In ¢ from the Mo’s method for non-isothermal crystallization

crystallinity (X,) for all the samples because the crystalli-
zation became more and more difficult as the crystalliza-
tion progressed. When comparing at the same X,, the F(7)
value kept decreasing until up to 60% of ICPP was added,
suggesting the ICPP facilitated the crystallization process.
However, when the ICPP content exceeded 60%, the F(T)
value began to increase, indicating the acceleration effect
diminished, as predicted by the Jeziorny theory. The results

of the crystallization rate are in agree with those from the
Jeziorny theory. Such a phenomenon might be related to
the nucleation effect of the rubber phase in the ICPP and
the subsequent crystal growth. The added ICPP provided
extra nucleation sites and promoted the nucleation process.
But the large number of crystal nuclei created by the ICPP
could cause stronger crystal-crystal interaction and affect the
polymer chains' mobility, which hindered the crystal growth
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Table 3 Non-isothermal crystallization kinetic parameters deter-
mined from Mo equation

HPP/ICPP ratio X/% F(T) a R?
100/0 20 9.00 1.44 0.99
40 11.77 1.46 0.99
60 14.42 1.49 0.99
80 18.74 1.58 0.99
80/20 20 7.50 1.34 0.95
40 9.73 1.35 0.96
60 11.99 1.38 0.96
80 15.56 1.49 0.97
60/40 20 6.82 1.10 0.99
40 8.37 1.14 1.00
60 9.96 1.20 1.00
80 12.36 1.29 1.00
40/60 20 5.92 1.22 0.99
40 7.48 1.26 0.99
60 9.12 1.30 0.98
80 11.62 1.39 0.98
20/80 20 6.22 1.22 0.99
40 8.15 1.21 0.99
60 10.14 1.20 0.99
80 12.79 1.19 0.98
0/100 20 6.33 1.25 0.98
40 8.60 1.28 0.99
60 11.12 1.29 0.99
80 14.73 1.36 0.99

in the later stage [30]. Therefore, a maximum crystalliza-
tion rate at 60% ICPP was observed. More details regarding
polymer chain movement and nucleation activity will be
discussed in the following two sections.

Activation energy of crystallization

Crystallization activation energy (AE) is the energy
required for the phase transformation to occur. It is related
to polymer chain mobility and needs to be investigated
to better understand the crystallization process. Different
mathematical methods have been proposed to calculate

the AE, including Kissinger, Vyazovkin, and Friedman
models [22]. In this work, the popular Kissinger model
was employed [35], which can be described in Eq. 10.

P AE (1
dlin[ = || =-=2d( =
! e R <T> (10)

where R is the ideal gas constant (8.314 J K=! mol~!) and T,
is the peak crystallization temperature (in K). By plotting In
(@/Tp2) versus I/TP, the data can be fitted by a straight line,
from which AE can be calculated by multiplying the slope
by the negative value of R. Table 4 presents the AEs and
regression coefficients (R?). Most R? of the samples were
greater than 0.97, which demonstrated a good linear rela-
tionship and suggested that the Kissinger equation could
accurately describe the crystallization process in this work.
Negative activation energies were obtained because the crys-
tallization rate increased when the temperature decreased
[21, 22].

The AE of the neat HPP was — 225.12 kJ mol ™!, which is
consistent with a previous report (— 221.78 kJ mol~! [21]).
The ICPP had a comparable AE (— 229.97 kJ mol™!), which
might suggest that the polymer molecules in the ICPP and
HPP had similar chain mobilities. When the ICPP was added
to the HPP, the AE decreased evidently, implying easier chain
motion. The lowest AEs were observed when the ratios of the
two types of polymers were close to 1. A better chain mobility
could facilitate crystal growth. The evolution of AE roughly
agreed with the changes of crystallization rate of the com-
posites. The effects of AE on the crystallization rate will be
further discussed in combination with nucleation activity in
the next section.

Crystal nucleation activity

Dobreva and Gutzow proposed a simple method to evalu-
ate nucleation activity [36]. According to this method, the
relationships between @ (cooling rate) and ATp (the differ-
ence between the melting and crystallization peak tempera-
tures corresponding to the DSC curve) can be presented with
Egs. 11 and 12 for homogeneous and heterogeneous samples,
respectively.

Table 4 Non-isothermal

o L HPP/ICPP Activation energy Nucleation activity

crystallization activation energy ratio

and nucleation activity values AE/kJ mol™! R? B B '4 R?
100/0 —225.12 0.98 10847.34 0.93
80/20 —261.64 0.91 9860.95 0.91 0.90
60/40 —298.68 0.98 9829.22 0.91 0.90
40/60 —295.69 1.00 8150.72 0.75 0.97
20/80 —246.88 0.97 7810.56 0.72 0.98
0/100 —229.97 0.99 5564.33 0.51 0.95
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B

Ind =A— TATE (1 1)
B*

In®=A- 23AT2 (12)

where A, B, and B” are constants. By plotting In @ versus
- 1/(2.3AT§), the data could be fitted by a straight line, from
which A and B (or B”) could be calculated from the intercept
and slope, respectively. The nucleation activity (¥) could be
calculated by the ratio of B* and B:

¥ =Bx/B (13)

The B, B, and ¥ are also shown in Table 4. Accord-
ing to the theory, if the nucleation activity of the added
dispersed phase (foreign matter) is sufficiently high, the
¥ value should be close to 0. Conversely, if the added
dispersed phase has no nucleation activity, the ¥ will be 1
[21, 36]. In this work, all ¥ values were lower than 1, sug-
gesting the rubber phase in the ICPP acted as a nucleating
agent. The ¥ value tended to decrease with the increase in
the ICPP content implying that the nucleation effect was
strengthened by the presence of more ICPP.

Crystallization of polymers, mainly consisting of
nucleus formation and crystal growth, is a process associ-
ated with the partial alignment of their molecular chains.
The polymer’s apparent crystallization rate is affected by
both nucleation and crystal growth rate. The addition of a
heterogeneous nucleating agent can significantly increase
the nucleation rate. At the same time, the presence of a
nucleating agent may negatively affect crystal growth by
hampering the movement of matrix polymer chains and
increasing crystal—crystal interactions [21, 30]. The crystal
growth prefers a higher polymer chain mobility, which is
corresponding to a lower AE. In this study, the nucleation
activity and chain mobility both increased when a small
amount of the ICPP was mixed with the HPP, resulting in
higher crystallization rates. When 20-40% of the ICPP
was added, the n value stated to decrease, which might
suggest that the excessive amount of crystal nuclei induced
by the higher ICPP content didn’t have enough space to
grow and the crystal-crystal interactions might increase.
But the chain mobility kept improving until 40-60% of the
ICPP presented. In combination with the higher nuclea-
tion activity, the crystallization rate continued to rise. The
maximum crystallization rate was found when the compos-
ite contained 60% of the ICPP based on the Avrami-Jezi-
orny and Mo models. When further increasing the ICPP
content, the chain mobility became lower (higher AE) and
the crystal—crystal interactions increased even more (lower
n). Both effects slowed the crystal growth. Although the

Table 5 Correlation analysis results between kinetic parameters and material mechanical and thermal properties

Crystallinity

Unnotched DSC cooling DSC cooling DSC heating DSC

Notched
impact impact

Flexural

Flexural

MOE

Tensile

Tensile

MOE

heating

peak peak

onset

strength

strength

enthalpy

strength

strength

0.99 0.99

0.95 0.99 - 0.94 - 091 -0.97 -0.97 -0.92

0.99

0.99

Nucleation activity Correlation coefficient

¢9)

0.00098 0.0016 0.0090  0.000098 0.00025

0.012

0.000038 0.0046

0.0033
0.71
0.11

0.00033  0.00015

p-value

0.79 0.79
0.057 0.062

-0.79 - 0.81 - 0.84 - 0.76
0.059 0.038 0.036 0.079

- 0.84
0.034

0.83
0.039

0.79
0.059

0.76
0.079

p-value

Avrami exponent n Correlation coefficient
@ 10 °C min~!

@ Springer



3322

P.Wang et al.

nucleation activity kept increasing, the crystallization
rate started to drop. Nevertheless, the quicker nucleation
seemed to ease the decrease in the crystallization rate. The
neat ICPP had a similar chain mobility to the neat HPP,
but it crystallized quicker than the HPP.

Correlations between the crystallization kinetic
parameters and the material mechanical
and thermal properties

Correlation analysis was carried out with Microsoft Excel
to reveal the relationships between the crystallization
kinetic parameters determined in this work and the mate-
rial mechanical and thermal properties we reported previ-
ously [8]. The quantities with high correlation coefficients
and low p-values are listed in Table 5. The nucleation activ-
ity showed the strongest correlations to various mechanical
and thermal properties, indicating it affected the material
properties the most. The Avrami exponent n also exhibited
relatively high correlations to the mechanical and ther-
mal properties, suggesting the geometry of the crystallites
affected the final products as well. The crystallization rate
showed less influence on the mechanical and thermal prop-
erties. High correlation was also found between the F(7) in
the Mo model and the Z_ in the Avrami-Jeziorny model. It
is reasonable because both parameters imply the crystal-
lization rate in the corresponding models. The results also
demonstrated that the conclusions from the two models were
consistent with each other.

Conclusions

The Avrami—Jeziorny and Mo models successfully described
the crystallization processes of the HPP, ICPP, and their
composites. The crystallization rate first increased and then
decreased with the increase of the ICPP content. The high-
est crystallization rate was observed when 60 mass% ICPP
was mixed with 40 mass% of HPP. The nucleation activity
kept increasing when more ICPP presented, demonstrating
that the rubber phase in the ICPP acted as a nucleating agent
and prompted the crystallization process for the composites.
When the ICPP content exceeded 60 mass%, the crystal-
lization rate decreased. It could be caused by the decrease
in polymer chain mobility, which was demonstrated by the
rising crystallization activation energy, and the increase in
crystal-crystal interactions. The nucleation activity was
highly correlated with the mechanical and thermal proper-
ties of the neat polymers and their composites. The Avrami
exponent, n, also exhibited relatively high correlations to
these properties. The is one mistake. The "Ozawa equation"
is a section heading. It should be the same level as the "Jezi-
orny theory" and "Mo equation".
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