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ABSTRACT: In the present work, the effect of phase separation on overall isothermal crystallization kinetics of two polypropylene/eth-
ylene-propylene random copolymer (PP/EPR) in-reactor alloys was investigated. It is found that at lower crystallization temperatures
(T,), the overall crystallization rate decreases with increasing phase separation temperature (7). This is attributed to the lower linear
spherulitic growth rate incurred by the lower PP content in the PP-rich phase at higher Ts. In contrast, at higher T,s, quenching
from a higher T; to T, promotes nucleation as a result of more dramatic concentration fluctuation, leading to a faster overall crystalli-
zation rate. The overall crystallization rate of the PP/EPR in-reactor alloy prepared by multi-stage sequential polymerization process
(MSSP) is retarded by increasing phase separation time (#,). However, prolonging phase separation time has little effect on the crys-
tallization rate of the sample prepared by two-stage polymerization process (TSP). This result can be attributed to the different phase
separation rates of these two samples. The SAXS result confirms that at higher T, phase separation in the melt before
crystallization can retard crystallization, when compared with the directly quenched samples. It is also found that the phase-separated
PP/EPR in-reactor alloys exhibit a larger long period because of more amorphous phases included between the lamellar crystals.
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INTRODUCTION actor alloys include PP homopolymer, EPR, ethylene-propylene

. . 39-44
Since the discovery of Catalloy process by Himont company, multi-block copolymer, and sometimes polyethylene.

polypropylene (PP) in-reactor alloy has attracted many In a multi-component system containing a crystalline compo-

researchers because of its good balance in tensile strength and
impact strength." To further optimize the properties of PP in-
reactor alloys, lots of studies have been devoted to the polymer-
ization process, chain structure, crystallization behavior, and
phase morphology of PP in-reactor alloys.”™® A two-stage poly-
merization process (TSP) is commonly used to produce poly-
propylene/ethylene-propylene copolymer (PP/EPR)
in-reactor alloys: propylene homopolymerization followed by
ethylene-propylene copolymerization.”** Recently, multi-zone
circular reactor (MZCR) process and multi-stage sequential
polymerization (MSSP) process were also developed for prepa-
ration of PP/EPR in-reactor alloys.”>®

random

Because of the nature of plural active sites in heterogeneous Zie-
gler-Natta catalyst and the TSP, the obtained PP/EPR in-reactor
alloys are usually a mixture. The components in PP/EPR in-re-
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nent, the miscibility of the components in the melt has a vital
effect on the crystallization behavior, and thus on morphology
and final properties of the materials.”' As a result, studying
the effect of phase separation on crystallization is of great im-
portance for multi-component systems containing a crystalline
component. Han and co-workers observed that the nucleation
energy barrier in crystallization could be overcome by the con-
centration fluctuation growth of liquid-liquid phase separation
(LLPS) and proposed a “fluctuation-assisted nucleation” mecha-
nism for the crystallization process in binary polyolefin blend
systems.”>> Similar phenomenon was observed isotactic PP/
poly(ethylene-co-octene) (iPP/PEOc) in-reactor alloys.”*>® So
far, although there are some studies on crystallization kinetics
of PP/EPR in-reactor alloys,” ™' the effect of phase separation
is seldom considered in this type of in-reactor alloy. In our
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Table I. Polymerization Conditions and Mechanical Properties of PP/EPR In-Reactor Alloys

Retention time in each
polymerization cycle (min)

2

Switch  Impact
Propylene Ethylene-propylene number strength Flexural modulus
Sample homopolymerization copolymerization (times)  (kJ/m3)  (MPa)
Samplel 7.5 2.5 8 136 915.7
Sample 2 60 20 1 3.9 770.7

previous work, we reported the effect of phase separation in the
melt on the linear spherulitic growth rate (G) of a PP/EPR in-
reactor alloy prepared by MSSP process.”> We found that higher
phase separation temperature (7T;) led to a smaller G at lower
crystallization temperatures (T,), but phase separation had no
significant effect on G at higher Ts. This result was interpreted
based on the phase diagram. In the present work, we will dis-
cuss the effect of phase separation on the overall crystallization
rate of PP/EPR in-reactor alloys. For the overall crystallization
rate, apart from the linear spherulitic growth rate of the PP-rich
phase, the nucleation process and crystallization of the EPR-rich
phase should also be considered. As a result, the effect of phase
separation on the overall crystallization of PP/EPR in-reactor
alloys would be more complicated.

In this work, two different thermal treatments, i.e., phase sepa-
ration in the melt and quenching from homogeneous melt,
were applied to the PP/EPR in-reactor alloys before crystalliza-
tion, respectively. The isothermal crystallization behavior of
PP/EPR in-reactor alloys was studied using differential scan-
ning calorimetry (DSC) and the data were analyzed with
Avrami theory. The nucleation process was investigated with
polarized optical microscopy (POM). Time-resolved small
angle X-ray scattering (SAXS) experiments were conducted as
well. The effects of phase separation temperature (T,) and
phase separation time (#,) on the isothermal crystallization

behavior of PP/EPR in-reactor alloys were discussed based on
both nucleation and linear spherulitic growth rate. This study
may help us understand the influence of phase separation on
crystallization behavior of PP/EPR in-reactor alloys and will
give us a better comprehension for the relationships between
the structure, morphology, and properties of the PP/EPR in-
reactor alloys.

EXPERIMENTAL

Preparation of PP/EPR In-Reactor Alloys

Details for preparation of PP/EPR in-reactor alloys were
described elsewhere.”® An MSSP was conducted using a high
yield spherical Ziegler-Natta catalyst, TiCly/MgCl,-ID (where ID
is an internal donor), kindly donated by BRICI, SINOPEC (Bei-
jing, China). In the first stage, propylene homopolymerization
was performed for 60 min after the prepolymerization con-
ducted in a well-stirred glass reactor. Next was a circular reac-
tion mode including ethylene-propylene copolymerization, in
which an ethylene-propylene mixture of a constant composition
(propylene/ethylene =
autoclave under constant pressure (0.4 MPa) and propylene
homopolymerization under constant pressure (0.6 MPa). That
is to say, after ethylene-propylene copolymerization for a
designed time, the polymerization was switched to propylene
homopolymerization subsequently  ethylene-propylene
copolymerization at the same conditions as above. The circular

1.5) was continuously supplied to the
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Figure 1. DSC traces of PP/EPR in-reactor alloys isothermally crystallized at 113°C after phase separation at various temperatures for 1 h. (a) Sample 1

and (b) Sample 2.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37689

WILEYONLINELIBRARY.COM/APP

@WILEY il ONLINE LIBRARY



Applied Polymer
(@) : Sample 1 (b) . Sample 2
: m 7.=160°C m 7=160°C
e 2170 °, — * 7=170°C
B * 7.=170°C G 170
= O T=180°C 2 I O T=180°C
3 3
k) K]
S S
© ©
) )
I I @)
O
o
O
&
PR I NI I I I B | 1

0 1500 3000 4500 6000 7500 9000
. (s)
c

0 1500 3000 4500 6000 7500
. (s)

Figure 2. DSC traces of PP/EPR in-reactor alloys isothermally crystallized at 133°C after phase separation at various temperatures for 1 h. (a) Sample 1

and (b) Sample 2.

reaction mode was performed for 80 min at 60°C. Sample 1
was synthesized by ethylene-propylene copolymerization for
2.5 min and then propylene homopolymerization for 7.5 min in
a circle and its switch times was 8. Sample 2 was prepared by a
TSP process, in which the times for ethylene-propylene copoly-
merization and propylene homopolymerization are 20 min and
60 min, respectively. The polymerization parameters and me-
chanical properties of these two samples are given in Table 1.°*

DSC

Isothermal crystallization kinetics of the PP/EPR in-reactor
alloys was performed on a TA Q-200 calorimeter. About 3-5
mg of the samples was sealed with aluminum pans for each
experiment. There were two different thermal treatments that
were applied to the samples before isothermal crystallization.
In the first thermal treatment (named direct quench process),
the samples were first melted at 230°C for 5 min to eliminate
thermal history then cooled directly from 230°C to the pre-set
crystallization temperature (7,) at a rate of 40°C/min to com-
plete isothermal crystallization. In the second thermal treat-
ment (named phase separation process), the samples were first
melted at 230°C for 5 min to eliminate thermal history, then
quenched to a phase separation temperature (7T;) and held for
a period of time (t;) to facilitate phase separation and then
cooled to the pre-set crystallization temperature (7T,.) at a rate
of 40°C/min to complete isothermal crystallization. The
change of heat flow with time was recorded on crystallization.
After isothermal crystallization was completed, the samples
were heated to 230°C immediately from the crystallization
temperature at a rate of 10°C/min. Overall crystallization rates
under isothermal conditions are generally analyzed with the
so-called Avrami equation,”* as given in the following equa-
tion:

AHE_ . — AHE
1 X(t) = =

=0 > It
= AHE . — A, exp(—kt") (1)

where X(#) is the relative crystallinity at time ¢, and AHj__,
AHj_,, and AHj are the crystallization enthalpies on complete
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crystallization (t = 00), at £ = 0, and after time t, respectively.
Therefore, we have:

log{—1In[1 — X(t)]} =logk + nlogt )

The crystallization rate constant k and Avrami exponent n
can be determined from the intercept and slope in the plot
of log {—In[1 — X(#)]} versus log t, respectively. The crystalli-
zation half-time f,, is related to the crystallization rate con-
stant and Avrami exponent by the following equation:

log(ty,2) = [log(In2) — log K} /n 3)

Polarized Optical Microscopy

A polarized optical microscope (Olympus BX-51) equipped
with a hot-stage and a digital camera was used to monitor the
morphological evolution of PP/EPR in-reactor alloys during
crystallization under different thermal treatment conditions.
The same two different thermal treatments as that in DSC were
applied to the samples before isothermal crystallization. In the
directly quench process, the samples were first melted at 230°C
for 5 min to eliminate thermal history, then cooled directly to
the pre-set crystallization temperature (T,) at a rate of 40°C/
min for isothermal crystallization. In the phase separation pro-
cess, the samples were first melted at 230°C for 5 min to elimi-
nate thermal history, then quenched to a phase separation tem-
perature (7T;) and held for a period of time (f,) to facilitate
phase separation, and then cooled to the pre-set crystallization
temperature (7T,) at a rate of 40°C/min for isothermal
crystallization.

SAXS and Data Analysis

SAXS experiments were performed at BL16B1 beamline in
Shanghai Synchrotron Radiation Facility (SSRF) in China.
The wavelength was 1.24 A and sample-to-detector distance
5100 mm. Two-dimensional (2D) SAXS
patterns were recorded by time-resolved mode during isother-
mal crystallization process. The average exposure time was
300 s for each scan. The bull tendon was used as standard

was set as
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Figure 3. Variations of crystallization half-time (#,/,) with phase separation temperature (T;) at various crystallization temperatures. (a) Sample 1 and

(b) Sample 2.

material for calibrating the scattering vector. The 2D SAXS
patterns were converted into one-dimensional (1D) SAXS
profiles using Fit2D software. Two different thermal treat-
ments were applied to the samples at a Linkam hot-stage
before SAXS experiments. In the first thermal treatment, the
samples were firstly eliminated any thermal history at 230°C
for 5 min, then cooled to 140°C at a rate of 40°C/min to
conduct isothermal crystallization. In the second thermal
treatment, the samples were quenched to 180°C and held for
1 h to facilitate phase separation after elimination of thermal
history, and then cooled to 140°C for isothermal crystalliza-
tion. SAXS experiments started when the temperature reached
the pre-set T,

All the SAXS data were corrected by subtracting the background
and were plotted in a Lorentz-corrected form, Ig* versus g,
where g is the scattering vector given by:
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q=4n sin 0/ 4)

where / is the wavelength and 20 is the scattering angle.

The scattering invariant, Q is defined as:
0]
Q= / I(q)q*dq ®)
0

The scattering invariant is proportional to the square of the elec-
tron density difference between the crystalline and amorphous
phases, (p-pa)?, and the volume fraction of the crystalline phase
(X,d,), where X; is the volume fraction of spherulites and ¢, is
the volume crystallinity within the lamellar stacks [eq. (6)].%°

Q X XS¢C(1 - ¢c)(pc - pa)z (6)
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Figure 4. Plots of Avrami exponents versus crystallization temperature for PP/EPR in-reactor alloys after phase separation at different temperatures for 1

h. (a) Sample 1 and (b) Sample 2.

However, because the SAXS experiments were performed in a
limited g range, we just calculated the scattering invariant in the
experimental range (from g = 0.18 to ¢ = 0.75) to yield Q'

0.75
/ 2
Q= /0 I(q)q"dq (7)

.18

RESULTS AND DISCUSSION

Effect of Phase Separation Temperature

As revealed by our previous work, the phase diagram of PP/
EPR in-reactor alloys is upper critical solubility temperature
(UCST) type, the phase transition temperatures are about
182°C for Sample 1 and 205°C for Sample 2, respectively,®
therefore we choose 160°C, 170°C, and 180°C as the phase sep-
aration temperatures in this work. At each experimental run,
the PP/EPR in-reactor alloy was first held at 230°C for 5 min.
At this temperature, not only the thermal history is eliminated
but also the alloy becomes miscible and homogeneous.
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Figures 1 and 2 show the heat flow traces of two samples crys-
tallizing at two representative crystallization temperatures: one
lower T, (113°C) and one higher T, (133°C). At T. = 113°C,
the time to reach the peak of heat flow (f,) increases with
increasing T,. This phenomenon is especially evident for the
Sample 1. The increase of ¢, means that the decrease of crystalli-
zation rate. In contrast, the change of t, with T; is just opposite
at T, = 133°C. The data in Figure 2 shows that #, decreases
with T, indicating that the crystallization rate becomes faster
after phase separation at higher T, Comparing the results in
Figures 1 and 2, one can see that the effect of phase separation
on the overall crystallization rate of PP/EPR in-reactor alloys
strongly depends on crystallization temperature. To further ver-
ify this finding, the crystallization half-time (f,,,) was also cal-
culated based on eq. (3). The variations of t;,, with phase sepa-
ration temperature (7;) at various crystallization temperatures
were presented in Figure 3. The crystallization half-time is
defined as the time required to reach half of the final crystallin-
ity. Usually, #;, is a measurement of the overall crystallization
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Figure 5. Plots of log k versus crystallization temperature for PP/EPR in-reactor alloys after phase separation at different temperatures for 1 h. (a) Sam-

ple 1 and (b) Sample 2.
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rate. The larger the value of t;),, the slower the overall crystalli-
zation rate. As shown in Figure 3(a), when T, is below 123°C,
t1» of Sample 1 increases with the T,. On the contrary, when
Sample 1 crystallized at higher T,s (T, > 123°C), t,, decreases
with increasing the T, Similar phenomenon was observed for
Sample 2 prepared by TSP process [Figure 3(b)]. The variation
of t, with T; is in accordance with that of #, shown in Figures
1 and 2. As a result, both the results of t, and t,,, reveal that
the effect of phase separation temperature on the overall crystal-
lization rate of PP/EPR in-reactor alloys is different at lower
and higher crystallization temperatures.

At lower crystallization temperatures, the degree of supercooling
for crystallization is higher, resulting in a faster nucleation rate
after both thermal treatments. Therefore, the linear spherulitic
growth rate is the decisive factor for the differences in the over-
all crystallization rate under various phase separation condi-
tions. This can be seen from the effects of phase separation tem-
perature on the Avrami exponent (7)) and crystallization rate
constant (k), as shown in Figures 4 and 5. It is found that in
the crystallization temperature range investigated in the present
work, a higher T, always leads to a larger Avrami exponent.
This result holds true for both PP/EPR in-reactor alloys. How-
ever, for the crystallization rate constant k, the situation is dif-
ferent. The effect of T; on k is strongly dependent on crystalliza-
tion temperature. At lower T, the value of k decreases as T
increases, whereas it increases with T at higher T,s. Based on
eq. (3), the crystallization half-time #;/, is inversely proportional
to both k and 7. As a result, the decrease of k with increasing T;
is the predominant factor responsible for the increase of f,,
with T, at lower Ts. Because the value of k is proportional to
linear growth rate and growth dimension of polymer crystals,
the decrease of k with T, at lower Ts implies that the linear
spherulitic growth rate also decreases with T, This is exactly
what we observed in our previous work and can be explained in
terms of the phase diagram (Figure 6).°* Because of the faster
crystallization rate at lower crystallization temperatures, the sec-
ondary phase separation, which is the phase separation occur-
ring at T, following the phase separation at T, is avoided. In
such a situation, the PP-rich phase starts crystallization from
the composition at the phase separation temperature, instead of
the composition at the crystallization temperature. As shown in
Figure 6, the PP content in the PP-rich phase is ¢; at the higher
phase separation temperature (T!) and ¢, at the lower phase
separation temperature (T2), respectively. A higher phase sepa-
ration temperature leads to a lower PP content in the PP-rich
phase (¢, > ¢;). When the melts were cooled to T, the starting
compositions for crystallization of the PP-rich phase are accord-
ingly ¢; and ¢,. The higher PP content in the PP-rich phase (c,)
at T2 leads to a higher linear spherulitic growth rate. Finally,
the larger linear spherulitic growth rate results in a faster overall
crystallization rate at a lower T,

Noting that, in Figure 4, the Avrami exponents obtained are in
the range of 1.0-2.0. These values are far below the Avrami
exponent for the spherulitic growth of polymer crystals, which
was observed in our previous work.”> The Avrami exponent for
the spherulitic growth should be around 3.0 for a heterogeneous
nucleation process and 4.0 for a homogeneous nucleation pro-
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Figure 6. Schematic phase diagram for the PP/EPR in-reactor alloys.

cess. The Avrami exponents and crystallization rate constants
obtained by DSC are indeed apparent values, which are the
averages of the Avrami exponents and crystallization rate con-
stants for the PP-rich and EPR-rich phases. In our previous
work, we found that PP in the EPR-rich phase could also crys-
tallize, leading to a coarse spherulite structure.®> This observa-
tion shows that crystallization of PP in the EPR-rich phase is
strongly confined and the growth dimension should be very
small, leading to the Avrami exponents much smaller than the
expected values.

However, at higher crystallization temperatures, secondary phase
separation may take place before crystallization, because the
crystallization rate is slower than the rate of phase separation.
As a result, the PP contents in the PP-rich phase are the same
at the same crystallization temperature, irrespectively of the
phase separation temperature in the melt, and hence the previ-
ous phase separation in the melt has little effect on the linear
spherulitic growth rate.®? In this case, the nucleation rate would
be the decisive factor for the differences in the overall crystalli-
zation rate under different phase separation conditions. Han
and co-workers reported that phase separation may couple with
crystallization and the concentration fluctuation in phase sepa-
ration process would accelerate the nucleation of crystalliza-
tion.”>™> They observed in a blend system with a UCST that at
a higher T, the rate of phase separation is lower and the degree
of phase separation is smaller at the same phase separation
time. When the blend is quenched from a higher T; to T, the
blend has a stronger tendency for further phase separation at
T, leading to more dramatic concentration fluctuation and
acceleration of nucleation for crystallization. Similarly, in the
PP/EPR in-reactor alloys, the concentration fluctuation should
be more dramatic when the alloys are quenched to the T, from
a higher T, and the acceleration effect on nucleation would be
more obvious. Figure 7 shows the POM images of PP/EPR in-
reactor alloys of the two samples isothermally crystallized at a
higher crystallization temperature (T, = 140°C) for 60 min after
phase separation at different temperatures for 1 h. The data for
the number of spherulites in per m> are listed in Table II. One
can see from Figure 7 and Table II that for both samples, the
number of spherulites increases with the phase separation tem-
perature in the melt. This shows that a higher T, in the melt
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Figure 7. POM images of PP/EPR in-reactor alloys of Sample 1 [(a) T, = 160°C, (c¢) T; = 170°C, and (e) T, = 180°C] and Sample 2 [(b) T, = 160°C,
(d) T, = 170°C, (f) T, = 180°C] isothermally crystallized at 140°C for 60 min after phase separation at different temperatures for 1 h.

can indeed promote nucleation of crystallization more effi-
ciently. Therefore, we can draw the conclusion that higher
nucleation rate is at least one of the dominant factors responsi-
ble for the larger overall crystallization rate at higher T, when
the PP/EPR in-reactor alloys crystallize at higher Ts.

It is observed that in Figures 4 and 5, both Avrami exponent
and crystallization rate constant increase as T, increases at
higher T.s. This shows that both n and k contribute to the
smaller f;,, at higher Ts. Based on Avrami theory, the Avrami
exponent is related to nucleation mechanism and growth
dimension of the polymer crystals. Phase separation-assisted
concentration fluctuation will enhance homogeneous nucleation,
leading to a larger value of n. This is in accordance with the

Mn\ﬂ“lié WWW.MATERIALSVIEWS.COM
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Table II. The Number of Spherulites for PP/EPR In-Reactor Alloys After
Isothermal Crystallization at T, = 140°C for 1 h with Previous Phase
Separation at Various Temperatures for 1 h

Ts Thickness of The number of
Sample Q) sample (um) spherulites (10%2/mS3)
Sample 1 160 30 2.90

170 30 412

180 30 557
Sample 2 160 31 3.75

170 31 4.92

180 31 6.79
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Table III. Crystallization Enthalpies and Melting Points of Samples
Obtained During the Isothermal Crystallization After Phase Separation at
Different Temperatures for 1 h*

T Ts  (AHdoax (AHdie (AHdos Tm
Sample  (°C) (C) (/g (Jlg) (Jlg) C)
Sample 1 113 160 8.6 39.7 62.8 160.4
170 8.0 389 62.3 160.6
180 7.6 38.0 61.0 161.0
115 160 8.0 375 60.3 161.1
170 7.5 36.9 58.7 161.4
180 7.2 36.0 57.5 161.7
130 160 7.2 358 57.4 164.8
170 8.0 39.9 63.8 165.5
180 8.2 40.9 65.4 165.6
133 160 8.2 395 63.3 167.3
170 9.0 41.2 65.9 167.3
180 9.5 47.4 75.8 167.5
Sample2 113 160 9.0 41.5 67.6 160.4
170 8.8 41.2 65.5 160.7
180 7.8 389 62.0 161.1
115 160 8.8 40.7 64.0 161.6
170 8.2 399 63.9 161.5
180 8.0 39.6 62.9 161.4
130 160 8.1 41.6 60.8 165.4
170 8.4 42.8 66.9 165.3
180 8.7 43.9 69.8 165.2
133 160 8.4 41.8 66.9 167.0
170 9.1 454 72.6 166.7
180 9.4 471 75.4 167.0

3AH)o1, (AH)1/2, and (AH)o g are the crystallization enthalpies at X(t) =
0.1, 0.5, and 0.8, where X(t) is the relative crystallinity in eq. (1).
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result from Figure 7. However, at higher T, the increase of k
with T, seems contradict with the similar linear spherulitic
growth rates at different T, as reported in our previous
work.®®> Again, the apparent k obtained by DSC is not only
related to linear spherulitic growth rate of PP in the PP-rich
phase but also dependent on the growth rate of PP crystals in
the EPR-rich phase. As mentioned above, secondary phase sepa-
ration may take place before crystallization at higher Tis. Usu-
ally two-step phase separation will result in a smaller domain
size, though the compositions of the phases are the same as
those from the single step phase separation.®® At lower T,
the first phase separation at T, will occur more completely
due to deeper quenching. Therefore, it is expected that
smaller domain size of the EPR-rich phase will be obtained
at lower T, leading to a smaller value of k for the EPR-rich
phase and as well as the smaller value of the apparent k.
This can be seen from the effect of T, on crystallization en-
thalpy (Table III). It is found that at higher T,s (such as T,
= 130°C and T. = 133°C), the crystallization enthalpy
slightly decreases with increasing T, though the crystallization
temperatures are the same. We believe that this originates
from the retardance of crystallization in the EPR-rich phase
as a result of stronger morphological confinement.

Effect of Phase Separation Time

Figure 8 presents the crystallization half-time #;,, of the two
samples crystallized at various temperatures after phase separa-
tion at 180°C for different times. For comparison, the data of
i, for the PP/EPR in-reactor alloys directly quenched from
230°C without phase separation in the melt were given as well.
In Figure 8(a), it is found that #;,, of Sample 1 increases slightly
with prolonging phase separation time, suggesting the suppres-
sion of crystallization rate. Such a phenomenon can be
explained from the viewpoint of phase separation degree with
time. At shorter phase separation time, the degree of phase

3500}—(b) Sample 2
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3000~ —@—=1hr
- —A—=2hr
2500 p— s
—w—=3hr

® 2000|—
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Figure 8. Effect of phase separation time on crystallization half-time of PP/EPR in-reactor alloys after phase separation at 180°C for different times.

(a) Sample 1 and (b) Sample 2.
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Figure 9. Plots of Avrami exponents versus phase separation time for PP/EPR in-reactor alloys after phase separation at 180°C. (a) Sample 1 and (b)

Sample 2.

separation is not complete. When the PP/EPR in-reactor alloy is
cooled to T, the secondary phase separation occurs easily,
resulting in more dramatic concentration fluctuation and
accordingly stronger nucleation effect. Finally, larger overall
crystallization rate would be obtained at shorter phase separa-
tion time. In Figure 8(b), at the same T, the value of t;), for
the directly quenched samples is the smallest, compared with
those undergoing phase separation before crystallization. This
shows that the overall crystallization rate of the directly
quenched samples is the largest. However, when the phase sepa-
ration time extends from 1 to 3 h, there is no obvious differ-
ence among the values of t;,, for Sample 2, which is different
from Sample 1. This may be due to the different phase transi-
tion temperatures of these two samples. Sample 2 has a higher
phase transition temperature than Sample 1, thus the phase sep-
aration rate of Sample 2 is higher at T, = 180°C because of its
larger quench depth. Hence, phase separation may be almost
completed for Sample 2 with annealing at 180°C for 1 h, result-
ing in no obvious change with prolonging t..
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x |

o
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Figures 9 and 10 show the effects of phase separation time on
the Avrami exponent and crystallization rate constant. One can
see that the Avrami exponent decreases as phase separation time
increases at all T.s studied. The variation of k with T, exhibits a
similar tendency. However, the effect of phase separation time
on k is much weaker than that on #, especially at lower Tis. As
a result, the slower overall crystallization rate at longer phase
separation time is mainly due to the smaller n. The decrease of
n with phase separation time originates from two aspects. First,
the nucleation rate is retarded by longer time phase separation,
as mentioned above. Second, well phase-separated morphology
will have a stronger confinement effect on crystallization of the
EPR-rich phase, leading to a smaller # of this phase and accord-
ingly a smaller apparent n.

SAXS Results

The data in Figure 8 shows that the directly quenched PP/EPR
alloys have a faster overall crystallization rate than the phase-
separated ones at higher Tis. To further solidify this conclusion,
time-resolved SAXS experiments were conducted. Figure 11

2}(b) Sample 2
- —— =0 hr
-3 —&—=1hr
L —&— =2 hr
| . —w¥— =3 hr
x [
o
O -5f—
-6
T
| I T I S
110 115 120 125 130 135
T_(°C)

Figure 10. Plots of log k versus crystallization temperatures for PP/EPR in-reactor alloys after phase separation at 180°C for different time. (a) Sample 1

and (b) Sample 2.
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Figure 11. SAXS profiles for PP/EPR in-reactor alloys isothermal crystallization at 140°C. The figures (a) and (b) are for Sample 1 and the figures

(c) and (d) are for Sample 2.

shows the Lorentz-corrected 1D SAXS profiles for samples iso-
thermally crystallized at 140°C. Because longer exposure time is
needed for each scan, the time-resolved SAXS experiment can-
not be conducted at lower T, due to the fast crystallization rate,

1.0}—(a) Sample 1
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- £
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=" 04—
Q
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0.0k —e—7=180°C

1 I 1 I 1 I [ I 1 I [
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1. (s)

thus only the data at a high T, (T, = 140°C) are presented. As
shown in Figure 11, the intensity of the SAXS peak gradually
becomes stronger and the position shifts to lower g with crystal-
lization time increasing.
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—o— =180 °Cc
P I I I T R |

0 500 1000 1500 2000 2500 3000
7. (s)
c

Figure 12. Plots of relative scattering invariant versus crystallization time for PP/EPR in-reactor alloys isothermally crystallized at 140°C. (a) Sample 1

and (b) Sample 2.
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Figure 13. Plots of the long periods versus crystallization time for PP/EPR in-reactor alloys isothermally crystallized at 140°C. (a) Sample 1 and

(b) Sample 2.

One can see from eq. (6) that the scattering invariant Q is pro-
portional to the volume fraction crystallinity when ¢, is smaller
than 0.5, which is the case of the present study. Hence, the scat-
tering invariant Q can reflect crystallinity to some extent. We
normalize the scattering invariants to yield the relative scattering
invariants through dividing the scattering invariant at a certain
crystallization time (Q;) by the scattering invariant for the last
exposure (Q, . ). Figure 12 shows the plots of the relative scat-
tering invariant versus crystallization time for PP/EPR in-reactor
alloys. It can be seen from Figure 12 that, at the same crystalli-
zation time, the relative scattering invariant of the directly
quenched sample is always higher than that of the phase-sepa-
rated sample. This finding holds true for both PP/EPR in-reac-
tor alloys. This indicates that phase separation at 180°C before
crystallization slows down the crystallization rate, when com-
pared with the directly quenched sample. As a consequence, the
SAXS result is in accordance with the DSC result (Figure 8).

From the SAXS peak position (gn.x), the long period L can be
calculated according to the equation L = 27/qma.. Figure 13
illustrates the variations of the long period with crystallization
time for both PP/EPR in-reactor alloys isothermally crystallized
at 140°C. It is obvious that phase separation at 180°C for 1 h
leads to larger values of long period (Figure 13), when com-
pared with the long period of the directly quenching samples.
However, we also find that phase separation in the melt before
crystallization hardly affects the melting temperature of the PP
crystals (Table III), as long as the crystallization temperatures
are the same. Moreover, the Hoffman-Weeks plots also show
that the equilibrium melting temperatures are similar for the
directly quenched sample and the sample with phase separation
for 1 h before crystallization. This implies that the lamellar
thicknesses of the PP crystals are similar for the directly
quenched and the phase-separated ones. Since the long period
is the sum of the lamellar thickness of the crystals and the
thickness of the amorphous layers sandwiched by the crystals,
the larger long period of the phase-separated sample is due to

MA‘“\‘.FE"s WWW.MATERIALSVIEWS.COM
[}

WILEYONLINELIBRARY.COM/APP

the thicker amorphous layer. In our previous work, we found
that phase separation before crystallization led to higher PP
content of the EPR-rich phase and larger viscosity of this phase,
thus more EPR-rich phases were included into the spherulites,
resulting in a coarse spherulitic structure.”” The SAXS result
shows that more amorphous phases are included between the
lamellar crystals as well. The effect of the phase separation on
the long period and morphology can be schematically depicted
as Figure 14.

Comparing Figure 13(a,b), one can also see that the long peri-
ods of Sample 1 is larger than those the Sample 2, irrespectively
of the thermal treatment. This is due to the higher PP content
in the EPR-rich phase of Sample 1 than in the Sample 2 at the
same temperature, which can be seen from the phase diagram.
Therefore, the EPR-rich phase can be included into the spheru-
lites and among the lamellar crystals more easily in Sample 1
than in Sample 2, leading to a larger long period of Sample 1.

CONCLUSIONS

The DSC result shows that the effect of phase separation on the
overall crystallization rate of PP/EPR in-reactor alloys strongly
depends on crystallization temperature. At lower T,s, the overall
crystallization rate decreases with increasing phase separation
temperature. The decrease of linear spherulitic growth rate with
increasing T is the predominant factor responsible for this. In
contrast, at higher T, the overall crystallization rate increases

(a) directly quenched (b) Ts=180°C

lamella amorphous phase

lamella

amorphous phase

Figure 14. Schematic models for long period of PP/EPR in-reactor alloys
with different thermal treatment processes. (a) PP/EPR in-reactor alloys
under directly quench process and (b) PP/EPR in-reactor alloys with
phase separation at 180°C for 1 h.
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with increasing phase separation temperature and this can be
mainly attributed to the promotion of nucleation at higher
phase separation temperature. Analysis of the crystallization
kinetics data shows that the EPR-rich phase also contributes to
overall crystallization rate, such as considerably smaller Avrami
exponent. Prolongation of phase separation time retards crystal-
lization rate of PP/EPR in-reactor alloys. Such an effect is more
obvious for the sample prepared by MSSP process, which has a
lower phase transition temperature. The SAXS result verifies
that the crystallization rate at higher T, is slowed down when
the PP/EPR in-reactor alloys undergo phase separation before
crystallization, when compared with the directly quenched sam-
ple. More amorphous phases may also be included into the la-
mellar crystals due to phase separation, leading to a larger long
period.
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