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Abstract The effects of annealing on microstructure and mechanical properties of an impact resistant polypropylene
copolymer (IPC) were investigated. Different annealing temperatures ranging from 80 °C to 160 °C were selected. The phase
reorganization of IPC during annealing process was studied through morphological characterization technologies, including
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The crystalline structure changes in the
IPC sample, including the ;PP matrix and PE component, were investigated using wide angle X-ray diffraction (WAXD) and
differential scanning calorimetry (DSC). Dynamic mechanical analysis (DMA) was used to analyze the relaxation extent of
IPC before and after annealing. The results showed that annealing induced phase reorganization in IPC and the degree of
phase reorganization depended on annealing temperature. The annealed IPC samples exhibited largely increased crystallinity
compared with the unannealed one. Intensified damping peak with increased molecular chain mobility was achieved for the
annealed IPC samples. At an appropriate annealing temperature (140 °C), largely enhanced impact strength was achieved for
the annealed IPC sample. The toughening mechanisms were analyzed based on the phase reorganization and relaxation
behavior.
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INTRODUCTION

As one of the novel polypropylene (PP) materials, the impact-resistant polypropylene copolymer (IPC) attracts
much attention of researchers since it has been synthesized. IPC exhibits a complex multiphase structure
consisting of several different components, including PP homopolymer (iPP), amorphous ethylene-propylene
random copolymer (EPR), semicrystalline ethylene-propylene copolymer with different sequence lengths (EbP)
and a few polyethylene (PE) homopolymer'' ™. The formation of such multiphase structure is mainly related to
the special polymerization process, namely, the bulk polymerization of propylene is first carried out and then the
copolymerization of propylene and ethylene is subsequently promoted®™'”. Several researches prove that IPC
exhibits a multilayered core-shell structure of rubber particles: PE and a part of iPP act as an inner core while
EbP acts as an outer shell, and between the inner core and the outer shell, there is an intermediate layer that is
mainly related to EPR!'" "2, Consequently, EbP shows the compatibilizing effect to intensify the interfacial
interaction between /PP matrix and rubber particles. Such special multiphase structure with multilayered core-
shell structure of rubber particles endows IPC sample with excellent fracture toughness!* "¢,
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Many researches have already proven that the multiphase structure and the final mechanical properties of
the IPC articles are greatly dependent upon the thermal history of the sample during processing!'* '*'”- '8 For
example, Chen et al.!'” investigated the phase structure evolution of IPC samples during molten-state annealing,
which was carried out at 200 °C. They found that the core-shell structure of the dispersed phase was completely
destroyed and the sizes of the dispersed domains increased dramatically. Specifically, they observed a co-
continuous structure and an abnormal ‘sea-island’ structure with the increase of annealing time. Tian. et al.!""
investigated the phase morphology upon melt-annealing at 200 °C and the corresponding changes in mechanical
properties of IPC. They found a distinct coarsening process during melt annealing. Correspondingly, impact
strength and elongation at break decreased gradually with increasing annealing time. They believed that the
deterioration of fracture toughness was mainly attributed to the size increase of dispersed domains. Previous
researches have proven that phase reorganization occurs and phase separation becomes serious during the melt-
annealing process.

Different from the melt-annealing, which is usually carried out at temperatures higher than the melting
point (7},) of polymer matrix, the conventional solid-state annealing, which is carried out at temperatures below
T, 1s more attractive because it not only accelerates the relaxation behavior of polymer articles but also endows
the material with more complicated structure changes, including the formation of new crystallites and the
perfection of pre-existent crystallites because of the occurrence of the second crystallization!" 2", Specifically,
the solid-state annealing is easily carried out in actual manufacturing process with fewer energy consumption
compared with the melt-annealing. The effects of annealing on microstructure and resultant mechanical
properties of isotactic polypropylene (iPP) have been widely studied recently. It is interesting to observe that
annealing not only improves the strength and stiffness of iPP but also improves its impact toughness®®' %,
Through comparative investigating the crystalline structure and relaxation behavior of ;PP samples before and
after being annealed at a certain temperature range, it is proposed that the toughening mechanisms of annealing
are mainly related to the variation of molecular chain mobility in the amorphous region of iPP?*" and the
enhanced capability for the initiation of microvoids upon deformation by reducing the stress transmission, which
triggers the large-scale deformation of annealed /PP samples under the load condition®"*?. The enhanced chain
mobility promotes the plastic deformation of /PP under the load condition, resulting in more energy absorption
during the fracture process.

Specifically, the toughening effect of annealing on /PP can be further amplified by introducing another
component. In our previous work, different components including plasticizer™, poly(ethylene oxide) with low
T,,2* *"1 octylphenol polyoxyethylene ether that promotes the formation of microvoids in the ;PP matrix"*”,
calcium carbonate (CaCO5)1**! and elastomer**!, have been introduced into iPP. The microstructure evolution of
samples during the annealing process and the resultant mechanical properties have been systematically
investigated. For example, addition of only 5 wt% ethylene-octene copolymer (POE) into iPP induced the slight
increase of impact strength from 4.0 kJ/m® of neat iPP to 6.9 kJ/m” of the ;PP/POE blend. However, with the
combined roles of annealing and Bnucleating agent (#NA), the impact strength was increased up to 35.1 kJ/m?,
which was also higher than that of the unannealed /PP/POE/S-NA sample (24.1 kJ/m*)*. It was proposed that
annealing resulted in the decrease of the numbers of chain segments in the amorphous region by promoting the
second crystallization in this region. Therefore, the lamellar structure became loose and it was easy to slip and
dislocate along the load direction. In this condition, POE particles, which acted as a stress concentrator,
promoted the lamellae slip and crystal dislocation of surrounding /PP matrix during the impact process.
Consequently, significantly improved fracture resistance was achieved at appropriate annealing temperatures.

Considering the multiphase structure of IPC, which is apparently different from that of the previous
iPP/POE blend that is produced through simple melt-compounding processing, it is interesting to ask whether
annealing can induce more apparent changes in microstructure and fracture toughness of IPC or not. To clarify
this doubt, IPC sample is annealed at temperature ranges of 80—160 °C. The morphology of core-shell rubber
particles, the crystalline structure and relaxation behavior of ;PP matrix, and the resultant mechanical properties
of the annealed samples are systematically investigated. The aim of this work is to further seek an available way
to improve the fracture resistance of PP-based materials and simultaneously maintain the stiffness of them.
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EXPERIMENTAL

Materials
IPC (trade name of SP179) was purchased from Lanzhou Petrochemical Co. Ltd. China. The melt flow rate is
9.4 /10 min (230 °C/2.16 kg). The ethylene and rubber contents are 14.5 wt% and 26.5 wt%, respectively.

Sample Preparation

Before injection molding, IPC droplets were dried in an oven at 70 °C for 10 h to erase the influence of the
moisture. After that, the droplets were injection-molded to obtain the standard specimens. The injection molding
processing was conducted on an injection-molding machine EM80-V (Chen Hsong Machinery, China) at the
melt temperatures of 190—200-195 °C from hopper to nozzle and a mould temperature of 23 °C. Different
temperatures ranging from 80 °C to 160 °C were selected to anneal specimens. The annealing time was 3 h. The
sample notation is defined as IPC-x, where x represents the annealing temperature. For the unannealed sample, it
is defined as IPC-23. The annealed specimens were cooled in the ambient air and then conditioned at 23 °C and
50% relative humidity for 48 h before mechanical measurements.

Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) Fei Inspect (FEI, the Netherlands) was applied to characterize the
morphology evolution of rubber particles in the IPC sample during the annealing process and the impact-
fractured surface morphologies. To clearly characterize the morphology evolution of rubber particles, the
specimen was cryogenically fractured in liquid nitrogen, then the fractured surface was immersed into n-heptane
at 50 °C for 3.5 h to remove the EPR part. The etched surface was successively washed using fresh n-heptane
and distilled water to remove the residual. After that, the etched surface was continuously treated using a etchant
containing 50 mL concentrated sulfuric acid (H,SOy4, 98%), 25 mL concentrated phosphoric acid (H3PO,, 85%)
and 1.77 g potassium permanganate (KMnQ,) to remove the amorphous region between lamellae according to
the methodology developed by Olley and Bassett!**!.

To further understand the size distribution of rubber particles, the images were analyzed using a
computerized image analyzer with Image-Pro Plus software. Generally, approximate 300 rubber particles and
several fields of view were measured. The number average diameter (d,) of rubber particles and diameter
distribution parameter (o) are calculated according to the following equations:
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where n; is the number of rubber particles with the specified diameter range about the value d;. Generally, in the
case of monodispersity, the value of ois 1; and when there is polydispersity, o is bigger than 1.

In addition, the impact-fractured surface morphology was also characterized using SEM. Before SEM
characterization, each sample was coated with a thin layer of gold. The operating voltage was set at 20 kV.

Transmission Electron Microscopy (TEM)

A transmission electron microscopy (TEM) Tecnai G2 F20 (FEI, USA) was used to further investigate the
morphology change of rubber particles in the IPC sample during the annealing process. An ultrathin section with
a thickness of about 90 nm, which was cut using a cryo-diamond knife on a microtome EM UC6/F6 (LEICA,
Germany), was used and the operating voltage was 200 kV.



1214 J.W. Chen et al.

Wide Angle X-ray Diffraction (WAXD)

The crystalline structure of samples was investigated using a wide angle X-ray diffraction (WAXD) X'pert PRO
diffractometer (Panalytical, the Netherlands) with Ni-filtered Cu K radiation at 40 kV and 40 mA. The angular
range was from 5° to 35° The degree of crystallinity (X.waxp) of sample is calculated according to the
following equation:

> A
XC_ — crystalline x 100% (3)
ap Z Acrysta]line + Z Aamorphous

where Acrysaliine a0d Aamorphous are the fitted areas of the diffraction peaks of crystalline and diffraction part of
amorphous, respectively.

Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (DSC) (STA 449C Jupiter, Netzsch, Germany) was applied to investigate the
melting behaviors of annealed samples. Samples of about 8 mg were heated from 30 °C to 200 °C at a heating
rate of 10 K/min. The degree of crystallinity (X..psc) of iPP matrix is calculated according to the following
equation:

AH

e-DSC —
‘ ¢ m

where AH,, is the value of fusion enthalpy of the sample obtained during the DSC heating scan, AH? is the

fusion enthalpy of the completely crystalline iPP, and ¢ is the relative fraction (77 wt%) of iPP in the IPCP**,
Here, the AH" of iPP is selected as 177 J/g?**.

Dynamic Mechanical Analysis (DMA)

Relaxation behavior of samples were measured using a dynamic mechanical analyzer (DMA) Q800 (TA
Instrument, USA). The sample was directly cut from an injection-molded bar and it had a length of 35 mm, a
width of 10 mm and a thickness of 4.2 mm. A single cantilever mode was selected and the temperature was
heated from —100 °C to 160 °C at a heating rate of 3 K/min and a frequency of 1 Hz. For each sample, the
measurement was repeated for several times and the representative curve was reported.

Mechanical Property Measurements

Notched Izod impact strength was measured at a relatively low temperature, i.e. 0 °C. The impact measurement
was conducted on an impact tester XC-22Z (Chengde Jinjian, China) according to ISO180-2000. The notch
depth was 2.0 mm and the residual width of the specimen was about 8.0 mm. Tensile properties were measured
on a universal testing machine AGS-J (SHIMADZU, china) according to ISO 180/1A. The specimen had a width
of 10 mm and a thickness of 4.2 mm. During the measurement, the gauge distance was set at 50 mm and a cross-
head speed of 50 mm/min was used. For each sample, the average value of mechanical properties reported was
derived from the data of more than 5 specimens.

RESULTS AND DISCUSSION

Morphological Changes of Rubber Particles

It is well known to all that the morphologies of rubber particles, including particle diameter, size distribution and
inter-particle distance (ligament thickness), greatly influence the toughening effect of rubber particles on ;PPI°,
Therefore, the morphology evolution of rubber particles during the annealing process was first investigated using
SEM. As shown in Fig. 1, there are several morphological features that need to be noticed. First, either for the
unannealed sample (IPC-23) or for the annealed samples, they exhibit two different particle morphologies. The
black holes represent the rubber particles (as shown by dash circle, A), in which EPR and PE (possibly
containing a few amount of iPP) form the ideal core-shell structure, namely, PE (possibly containing a few
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amount of iPP) is completely wrapped by EPR!""'?. During the etching process using n-heptane, the inner core
is also taken away when EPR is dissolved. The more popular morphology is that some EPR is dissolved and the
inner core is left (as shown by solid circle, B). Possibly, the inner core is partly wrapped by EPR.

s g IPC. 140t % B 1PC-160 R
Fig. 1 SEM images showing morphologies of rubber particles in the IPC samples before
and after being annealed at different temperatures

Second, it can be seen that the shape of rubber particles in IPC-23 sample are irregular and some small
rubber particles contact each other. Even if in one rubber particle, one can also see several smaller PE or iPP
subglobules. For the annealed samples, they exhibit not only the morphological change of PE or ;PP subglobules
but also the change of rubber particles, indicating the occurrence of the phase reorganization during the
annealing process. Specifically, the phase reorganization is greatly dependent on the applied annealing
temperature. At relatively lower annealing temperatures (80 and 100 °C), the phase reorganization mainly occurs
in the inner core of the rubber particles, i.e. the separated (or isolated) subglobules tend to aggregate together and
form the larger globules. At relatively high temperatures (120, 140 and 160 °C), besides the phase reorganization
in the inner core, namely, the separated subglobules completely merge together, the shape of the rubber particles
becomes more regular, which results in the formation of the regular core-shell structures.

To accurately describe the morphological changes of rubber particles before and after annealing, the typical
particle diameter distribution in the form of histograms for all the samples are illustrated in Fig. 2 and the
corresponding data are summarized in Table 1. From Fig. 2 one can see that all the samples show the double
distribution of particle diameter. The data shown in Table 1 exhibit that at relatively low annealing temperatures
(< 140 °C), annealing does not induce the apparent changes of d, and . When the annealing temperature is
increased up to 160 °C, apparently increased d, is observed. Furthermore, from Fig. 2 it can be also seen that the
relative fraction of small rubber particles in the IPC-160 sample is smaller than that of the samples obtained at
lower annealing temperatures. Since the content of rubber particles is an invariant and the annealing treatment is
mainly carried out at temperatures below melting point of ;PP matrix, it can be deduced that the inter-particle
distance (ligament thickness) has no apparent change. Therefore, the detailed variation of inter-particle distance
and its influence on mechanical properties of annealed IPC sample can be ignored in this work.
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Fig. 2 Comparison of diameter distribution of rubber particles in the IPC samples before
and after being annealed at different temperatures
Table 1. The number average diameter (d,/pum) and diameter distribution (o) of rubber
particles before and after being annealed
Sample IPC-23 IPC-80 IPC-100 IPC-120 IPC-140 IPC-160
d, 0.76 0.76 0.74 0.78 0.77 0.87
o 2.5 3.2 3.0 3.2 2.6 2.2

To further demonstrate the morphological change of rubber particles during the annealing process, the
representative IPC-23 and IPC-140 samples were also investigated using TEM. The TEM images are shown in
Fig. 3. It can be clearly seen that in the IPC-23 sample, some small rubber particles contact each other and tend
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to merge together. For the IPC-140 sample, homogeneously dispersed rubber particles with regular shape are
observed. Furthermore, these rubber particles exhibit ideal core-shell structure. This further demonstrates the
occurrence of the phase reorganization in IPC during the annealing process.

IPC-23 IPC- 140 PR

Fig. 3 TEM images showing the rubber particle morphologies in the IPC-23 and IPC-140 samples

s

The phase reorganization of IPC during annealing process can be explained as follows. Under the actual
processing conditions, either for the melt-extrusion or for the injection-molding, the dwell time is very short. The
high cooling rate and/or the high solidification rate endows IPC with little time to achieve the thermodynamic
equilibrium state. Consequently, most of the phase morphology are frozen at the nonequilibrium state. During
the annealing process, the enhanced molecular chain mobility accelerates the relaxation, promoting the
occurrence of the phase reorganization to achieve the thermodynamic equilibrium state. Obviously, the high the
annealing temperature, the more apparent the phase reorganization is. Chen et al.!'”) reported that in the molten
state (200 °C), the phase reorganization of IPC didn’t finish even if the annealing time was increased up to
200 min. This indicates that if the solid-state annealing duration is prolonged, the phase reorganization of IPC
possibly continues and the real thermodynamic equilibrium state can be achieved. Furthermore, it is worth noting
that the solid-state annealing is much different from the melt-annealing. Because the annealing temperature is
below the T, of ;PP matrix, the phase reorganization is mainly limited in isolated or adjacent rubber particles.
Therefore, the degree of the phase reorganization during the solid-state annealing is smaller than that occurred
during the melt-annealing. Tian et al."™ proposed that the deterioration of fracture toughness was mainly
attributed to the size increase of the dispersed rubber particles, which was induced by the phase reorganization
during the melt annealing. In our work, only at annealing temperature of 160 °C, one can observe the apparent
change of the rubber particle size, which is believed to be unfavorable for the maintenance of fracture toughness.
However, it is interesting to ask whether the core-shell rubber particles with subtly modulated inner core
structure, which are obtained at relatively low annealing temperatures (< 160 °C), influence the fracture
toughness of the annealed IPC or not. This will be clarified in the following section.

Change of Crystalline Structure

The crystalline structure changes of IPC before and after annealing were investigated using WAXD and DSC.
Figure 4 shows the WAXD profiles of all samples and the data indicated in the graph represent X, waxp. From
Fig. 4 one can see that all samples exhibit the characteristic diffraction peaks at 26 = 14.0°, 16.8°, 18.5°, 21.1°,
and 21.8°, attributing to the reflections of (110), (040), (130), (111), and (131) crystal planes of «-iPP,
respectively. Although annealing does not induce apparent change of crystal form of PP matrix, apparently
increased X, waxp is observed for the annealed IPC samples and the increasement of X..waxp is dependent on the
annealing temperature. For example, the IPC-23 sample shows X waxp of 38.8%. After annealing, the IPC-80
sample exhibits X waxp of 43.7%. When the annealing temperature is increased up to 160 °C, X, waxp is also
increased up to 52.9%. The increase of X, waxp With increasing annealing temperature clearly indicates the
occurrence of the second crystallization in IPC samples during the annealing process. However, it should be
noticed that WAXD characterization does not reflect the crystalline structure changes of semicrystalline EbP
and/or PE component possibly due to that the contents of EbP and PE are very small on the one hand. On the
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other hand, most of PE component is in the inner core of rubber particles, which can not be detected by WAXD
characterization.

(110)pp 040)pp  (111),pp -
v (130)pp  (131)pp

e=52.9% IPC-160
_ IPC-140
g = 9
g (4% IPC-120
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Fig. 4 WAXD profiles showing the variation of crystalline structure of the IPC
samples before and after being annealed at different temperatures

To further prove the crystalline structure changes of IPC during the annealing process, especially to know
the possible change of PE crystalline structure in the annealed IPC samples, DSC measurements were carried
out. DSC heating curves of different samples studied in this work and the variation of degree of crystallinity
(Xepscippy), Which is calculated according to the fusion enthalpy, are simultaneously shown in Fig. 5. It can be
seen that before annealing, the IPC-23 sample exhibits the melting point of iPP (7 pp) of 167.9 °C and
Xe-pscgppy) 18 about 35.5%. After annealing, the IPC-80 sample exhibits a weak shoulder (annealing temperature,
Tonser) at relatively low temperature, i.e. 85.7 °C. Now, it is widely accepted that the presence of the annealing
peak is mainly related to the fusion of those crystallites with small lamellar thickness, which are induced during
the annealing process through the second crystallization process, including the perfection of preexistent
crystallites and the formation of new crystallites in the amorphous region. At annealing temperatures below
160 °C, although annealing treatment does not induce apparent change of Ti,.pp, Tonset and X psc(pp) increase
with increasing annealing temperature. For example, at annealing temperature of 140 °C, Ty and X, psciepy are
enhanced up to 147.9 °C and 46.1%, respectively. Specifically, compared with the IPC-23 sample, the IPC-140
sample exhibits an increasement of about 29.8% in X; psc(pp). Obviously, high annealing temperature facilitates
the occurrence of the second crystallization and promotes the formation of crystallites with bigger lamellar
thickness. At annealing temperature of 160 °C, largely enhanced T (167.8 °C), Tppp (176.3 °C) and
Xe-pscgpry (53.8%) are obtained for the IPC-160 sample.

As described before, IPC exhibits complex structure with multiple phases, including semicrystalline ;PP
homopolymer (matrix), EbP (compatibilizer) and PE (inner core of core-shell rubber particle). Previous
morphology study already demonstrates the phase reorganization of IPC during the annealing process, especially
in the inner core of the core-shell rubber particles. Therefore, it is interestingly to ask whether the semicrystalline
PE part also shows the change in crystalline structure or not. Figure 6 shows the locally enlarged DSC heating
curves of the annealed IPC samples, which show the melting behavior of PE crystallites. From Fig. 6 one can see
that the [PC-23 sample exhibits a weak but broad fusion peak at about 114.7 °C, attributing to the melting of PE
lamellae (7},.pg). Obviously, in the IPC-23 sample, the semicrystalline PE component exhibits broad distribution
in lamellar thickness. At annealing temperature range of 80—100 °C, the annealing peak of sample overlaps with
the fusion peak of PE lamellae, which results in a very broad fusion peak in the DSC heating curve. In this
condition, it is very difficult to differentiate the melting of PE component from the melting of newly formed
crystallites. However, it is interesting to observe that at annealing temperatures of 140 and 160 °C, which are
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much higher than T}, pg of PE, the annealed samples exhibit again the independent fusion peak at about 117.0 °C.
From Fig. 5 one can see that the annealing peaks of the IPC-140 and the IPC-160 samples are already shifted to
147.9 and 167.8 °C, respectively. Therefore, the fusion peak at about 117.0 °C is only attributed to the fusion of
PE component with increased lamellar thickness. Furthermore, it is worth noting that although /PP matrix and
PE component show the increased melting point at relatively high annealing temperature (160 °C), the
mechanism for the increase of melting point is different. For the /PP matrix, the increase of T}, pp is mainly
related to the lamellar thickening during the annealing process. However, for the PE component, the lamellar
thickening doesn’t occur during the annealing process but occurs during the cooling process when the sample is
cooled from annealing temperature to room temperature. It is possibly related to the phase reorganization in the
inner core of the rubber particles. Previous morphological characterizations have demonstrated that the small PE
subglobules merge together and form a larger PE globules, and in this condition, more PE molecular chains
participate in the crystallization process during the cooling process, which is favorable for the lamellar growth of
PE component accordingly. The crystallization mechanism of PE component in the annealed IPC sample is

possibly similar to the fractional crystallization of semicrystalline polymer in the polymer blends""**.
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Fig. 5 (a) DSC heating curves of the unannealed and annealed IPC samples obtained at different
temperatures as indicated in the graph and (b) variation of crystallinity and increasement of
crystallinity versus annealing temperature
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Fig. 6 DSC heating curves showing the melting behavior of PE component in the IPC
samples before and after being annealed at different temperatures
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Variation of Relaxation Behavior

It has been already demonstrated that either for the /PP or for the /PP-based blends, annealing promotes the
enhancement of molecular chain mobility in amorphous region, which can be indicated by the decrease of glass
transition temperature (7;) that is observed through DMA measurements'”' ", In this work, the relaxation
behaviors of IPC before and after annealing were also comparatively investigated by measuring the mechanical
loss factor (tand) of representative samples. As shown in Fig. 7, the IPC-23 sample exhibits three distinct
damping peaks in tano curve. The damping peak at about —43.5 °C is mainly related to the glass transition of the
amorphous EPR phase in IPC (T,gpr). The damping peak at about 21.5 °C and the broad damping peak at
81.7-96.7 °C are mainly related to the f-relaxation, which is accounted for the glass transition of the unrestricted
amorphous iPP (7, pp), and the oc-relaxation, which is accounted for the relaxation of rigid amorphous
molecules, respectively. After annealing, the IPC-140 sample shows slightly decreased T,.gpr (seen in Table 2),
indicating that the molecular chain mobility of EPR phase is slightly enhanced and the restriction of ;PP matrix
for the relaxation of EPR phase is decreased possibly because of the increased degree of phase separation
between iPP matrix and rubber particles. Another reason for the decreased T, gpr may be the increased negative
pressure imposed on the dispersed rubber particles due to the thermal shrinkage mismatch between /PP matrix
and dispersed EPR phase upon cooling. As expected, apparently changed damping peaks are observed for the
iPP matrix. First, the intensity of frelaxation is greatly increased and T, pp is decreased from 21.5 °C of IPC-23
to 16.8 °C of IPC-140. Second, the ¢-relaxation is greatly shifted to high temperatures, indicating the increased
amount of rigid amorphous molecules and/or the increased degree of restriction for the rigid amorphous
molecules, resulting in more energy requirement for the occurrence of ¢ -relaxation.

Tano

— IPC-23
— IPC-140

1 1 1 1 1 1 1 1 1 1 1
—60 —40 =20 0 20 40 60 80 100 120 140 160
Temperature (°C)

Fig. 7 Comparison of mechanical loss factor (tand) of the unannealed IPC and annealed IPC obtained at 140 °C

Table 2. Relaxation parameters of unannealed and annealed IPC samples obtained from DMA measurements

Sample Toper (°C) Toipp (°C) Ir-gpr Iy.ipp
IPC-23 —435 21.5 0.36 0.15
IPC-140 -44.6 16.8 0.33 0.44

Generally, the magnitude of f-relaxation of ;PP matrix (/z_pp), which represents the total energy dissipation
because of viscoelastic relaxation, can be also used to reflect the fracture toughness of sample under the load
condition®®”. Here, Iz_;pp Was calculated. For making a comparison, the Iz gpr 0f EPR phase was also calculated.
As shown in Table 2, annealing does not induce the apparent change of Ir_gpr, however, largely increased Ip_pp is
achieved for /PP matrix. This indicates that like annealed /PP and/or iPP-based blends, which show good
consistence between enhanced fracture toughness and increased Tnpp 272+ 239 the annealed IPC sample will
exhibit excellent fracture toughness.
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Mechanical Properties Changes

It is well known to all that IPC samples exhibit excellent fracture toughness at room temperature. In this work, to
clearly understand the effect of annealing on the fracture toughness of IPC samples, the fracture toughness was
measured at a relatively low temperature, i.e. 0 °C, so that all samples could be fractured completely. Figure 8
shows the variations of notched Izod impact strength of IPC samples before and after annealing. For the IPC-23
sample, it shows the impact strength of 14.2 kJ/m’. As expected, annealing promotes the improvement of
fracture toughness. However, the increase of impact strength is dependent on the applied annealing temperature,
and the most appropriate annealing temperature is 140 °C, at which the IPC-140 sample shows the best fracture
toughness. The impact strength is increased up to 37.3 kJ/m” which is much higher than that of the IPC-23
sample. However, further increasing annealing temperature results in the serious deterioration of fracture
toughness and the impact strength is dramatically decreased to 14.4 kJ/m?.
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Fig. 8 Variation of notched Izod impact strength of the IPC samples versus the annealing temperature

Study the impact-fractured surface morphology is favorable for further understanding the fracture behavior.
Here, the impact-fractured surface morphologies of the IPC-23 and the IPC-140 samples are characterized using
SEM at different magnifications. As shown in Fig. 9, at small magnification, there is no apparent difference
between the impact-fractured surface morphologies of the [IPC-23 and the IPC-140 samples. However, it is worth
noting that the latter sample was not completely fractured during the impact measurement and a small part was
still reserved (shown by dash rectangle).

According to the fracture process under the load condition, the fractured surface can be classified into
several zones as shown in the image of the IPC-23. Zone 1 is close to the prefabricated notch and it is mainly
related to the crack initiation process. Zone 2 and zone 3 are far away the prefabricated notch, and they are
mainly related to the crack propagation process, namely, the earlier stage and the later stage of crack
propagation, respectively. In this work, the surface morphologies in different zones of the fracture surface were
also characterized at high magnification. The representative images are also shown in Fig. 9. It can be seen that
for the IPC-23 sample, it exhibits the similar surface morphology feature in all zones of the fractured surface.
Interfacial debonded rubber particles are clearly observed, indicating the weak interfacial adhesion between
rubber particles and ;PP matrix, although EbP copolymer wraps rubber particles and exhibits the role of bridge.
For the IPC-140 sample, although it still exhibits the surface morphologies similar to those of the IPC-23 sample
in zone 1 and zone 2, an intense plastic deformation phenomenon is observed in zone 3. It is then suggested that
the local plastic deformation observed in the IPC-140 sample mainly contributes to the largely enhanced impact
strength.
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IPC140-1 peyy T R <P [PCl140-3 -
Fig. 9 SEM images showing the impact-fractured surface morphologies of the representative IPC-23 and IPC-140 samples

According to the previous results obtained from morphological characterization and relaxation behavior
study, the toughening mechanism can be explained as follows. First, the enhanced molecular chain mobility in
the amorphous region enhances the plastic deformation ability of /PP matrix under the load condition. Second,
the rubber particles with integrated core-shell structure, which are achieved at appropriate annealing
temperatures, act as the stress concentrator and promote the plastic deformation of adjacent /PP matrix.
Furthermore, it is worth noting that the toughening efficiency in the annealed IPC is much higher than that in the
annealed /PP/POE/S-NA blend™!. In that work the annealed iPP/POE/S-NA blend with a large number of 4-iPP
crystallites showed the impact strength of 35.1 kJ/m* at room temperature. However, in this work, even if the
impact strength is measured at environmental temperature of 0 °C, the annealed IPC sample with only o-iPP
crystallites still show the impact strength of 37.3 kJ/m®. Obviously, annealing and rubber particles with
integrated core-shell structure exhibit better synergistic effect in toughening IPC. Although increasing annealing
temperature to 160 °C further enhances the molecular chain mobility in amorphous region'””, the IPC-160
sample exhibits the largely increased crystallinity of /PP matrix and the intensified phase separation between /PP
matrix and core-shell rubber particles, which results in the apparent increase of rubber particle size.
Consequently, from a viewpoint of toughening, the positive role of enhanced molecular chain mobility is
covered by the negative roles of increased crystallinity and increased rubber particle size. This is the reason why
the IPC-160 sample exhibits serious deterioration in fracture toughness.

The tensile properties of all samples were also measured. Figure 10 shows the typical engineering stress-
strain curves and the corresponding tensile properties. From Fig. 10(a) one can see that the IPC-23 sample
exhibits excellent tensile ductility and apparent cold-drawing phenomenon. Annealing induces apparent change
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of the tensile behavior. First, the cold-drawing region in the stress-strain curve reduces gradually with increasing
annealing temperature and even disappears completely at relatively high annealing temperatures. Second, the
stress-drop phenomenon, which is very obvious during streching of the IPC-23 sample, becomes inconspicuous
for the annealed samples. This indicates that the structure discrepancy, which is induced during the melt-
processing procedure, is removed and the specimen becomes homogeneous in microstructure. In other words, the
stress transfer in the annealed IPC samples becomes easier during the tensile process in comparison with the
IPC-23 sample. Bai also suggested that the depressed stress-drop with annealing could be attributed to the
enhanced cavitation capability induced by the reduced density in amorphous phase and increased thickness of the
rigid amorphous phasel" 2.
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Fig. 10 (a) Engineering stress-strain curves of unannealed and annealed IPC samples; (b) Comparison of
tensile properties of the unannealed and annealed IPC samples

As shown in Fig. 10(b), all the annealed IPC samples show the similar tensile strength and tensile modulus
compared with the unannealed IPC sample. Specifically, it is found that annealing induces the apparent
deterioration of tensile ductility and the elongation at break is dramatically decreased from 484% of the IPC-23
sample to 87.5% of the IPC-160 sample. The previous results obtained through crystalline structure investigation
prove that annealing induces the apparent increase of crystallinity of /PP matrix, which is believed to be
favorable for the improvement of tensile strength and tensile modulus, but unfavorable for the maintenance of
tensile ductility. Specifically, the increased degree of phase separation between iPP and rubber particles possibly
weakens the interfacial adhesion between /PP matrix and rubber particles and consequently, results in the
deterioration of tensile ductility!®”. However, it is still worth noting that the impact strength of IPC at low
temperatures can be greatly improved by introducing external annealing treatment. This is very significant in
enlarging the potential application of IPC material in special conditions.

CONCLUSIONS

In summary, the effects of annealing on microstructure and mechanical properties of IPC have been studied. The
results show that annealing promotes the phase reorganization of IPC and the degree of phase reorganization is
dependent on the annealing temperature. At relatively low annealing temperatures, the phase reorganization
mainly occurs in the inner core of the rubber particles. At relatively high annealing temperatures, more apparent
phase reorganization is observed, including the change of rubber particle shape and the aggregation of separated
subglobules in the inner core of the rubber particles, leading to the formation of core-shell rubber particles with
more regular shape. Further results show that the crystallinity of IPC samples is increased by annealing. Largely
enhanced impact strength at low environmental temperatures is achieved for the annealed IPC sample when an
appropriate annealing temperature is applied. The toughening mechanism is proposed to be related to the
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combination of the rubber particles with integrated core-shell structure and the enhanced molecular chain
mobility of /PP matrix. We then believe that the work is significant in enlarging the potential application of IPC
material in special conditions.
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