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ABSTRACT: In this study, polypropylene random copolymer (PPR) composites were prepared by the addition of either three kinds of
thermoplastic rubber (TPR) modifiers (types 2088A, 2095, and 2096) or an ethylene—octene copolymer (POE)/high-density polyethyl-
ene (HDPE; 2:1 w/w) blend. Differential scanning calorimetry, wide-angle X-ray diffraction, and dynamic mechanical analysis were
used to characterize the crystallization behaviors and dynamic mechanical properties of the PPR composites. The results indicated
that PPR/POE/HDPE and PPR/TPR2088A had better comprehensive mechanical properties, especially the low-temperature toughness
among all of the samples. The obtained PPR/POE/HDPE blends showed a high toughness and good stiffness in the temperature inter-
val from —10 to 23°C with the addition of only 10 wt % POE/HDPE. When the temperature continued to fall below —10°C, the
PPR/TPR2088A composites exhibited a better impact toughness without a loss of too much stiffness. The good low-temperature
toughness of those two composites was attributed to both the decrease in the crystallinity and the uniform dispersion, obvious inter-
facial adhesion, and cavitation ability of POE/HDPE and TPR2088A in the PPR matrix. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

Polypropylene random copolymer (PPR) is prepared with the
addition of 3-7 wt % ethylene embedded randomly in the pro-
pylene matrix. PPR is a widely used matrix component in pipes,
daily necessities, packaging materials, automobile parts, furni-
ture, thin films, and other industrial fields for its excellent com-
prehensive mechanical properties, good processing performance,
and relatively low costs."* However, industrial applications of
PPR are greatly hindered because of its insufficient impact
toughness, especially at low temperatures. Thus, the toughening
of PPR has become a research hotspot in recent years.

Great research efforts have been focused on the toughening of
PPR through the addition of inorganic fillers, such as CaCO3,>*
$i0,,>° ZnO,” and organophilic montmorillonite.®® In addition,
many kinds of f-nucleating agents (f-NAs) have been used to
toughen PPR.>''? Mai et al’ demonstrated that with the
addition of 4.0 wt % nano-CaCO; and 0.5 wt % f-NA, the
impact strength of PPR/nano-CaCOs/f-NA was about 3.6 kj/m*
at —10°C, which was higher than the 2.8 kJ/m? value of virgin
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PPR. Through nano-CaCOs/f-NA synergistic modification, the
toughness was increased but at the cost of some of the tensile
strength. However, the low-temperature impact toughness of
PPR still needs to be improved. On the other hand, the process-
ability and mechanical properties of PPR can be enhanced
simultaneously by the broadening of the molecular weight
(MW) distribution.'®'* Yu et al.'® found that through the fine
broadening of the MW distribution, the tensile strength of PPR
obviously increased, but the impact toughness improved
slightly. Additionally, blending modification through the addi-
tion of elastomers such as ethylene—octene copolymer (POE),"”
styrene-butadiene—styrene triblock copolymer,'® styrene—hydro-
genated butadiene—styrene triblock copolymer,'® ethylene/sty-
rene interpolymer'” and so on®'"'®2° has been widely
investigated. The impact strength of PPR composites has been
largely enhanced by the addition of large amounts of elastomers
but normally at the cost of other mechanical properties. In
addition, recent studies of the low-temperature impact tough-
ness of PPR have mainly been focused on —10 to 23°C. There-
fore, it is still necessary to further improve the impact resistance
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Table I. Related Parameters of the TPRs

TPR

2088A 2095 2096
MFR (g/10 min)? 44 5 28
Hardness 30 55 80
M.y 278,152 117,806 76,773
MM, 1.197 1.321 1.207
[PBI/[PS] (wt Y%/wt %) 75/25 69/31 65/35
Tq (°C) -90 -72 -67

M., weight-average molecular weight; M,, number-average molecular
weight; PB, polybutadiene; PS, polystyrene.
aMFR was tested at 190°C/5 kg.

properties of PPR without affecting the other mechanical prop-
erties, especially under ultralow temperatures (—20°C to
—30°C). Actually, nowadays, few studies have reported this
issue.

In this study, PPR composites were prepared by the addition of
three kinds of thermoplastic rubber (TPR) modifiers (2088A,
2095, and 2096) and POE/high-density polyethylene (HDPE)
blends, respectively. The influence of different modifiers on the
crystallization behaviors of the PPR blends was investigated by
differential scanning calorimetry (DSC) and wide-angle X-ray
diffraction (WAXD). Meanwhile, the mechanical properties were
characterized in the temperature interval from —30 to 23°C,
and the toughening mechanism of the PPR composites at room
temperature (23°C) and low temperatures (—30 to 0°C) was
also studied.

EXPERIMENTAL

Materials

PPR (type RP2400), with a melt flow rate (MFR) of 0.25 g/10
min (230°C, 2.16 kg) and a 3.8 wt % ethylene content, was sup-
plied by Korean Petrochemical Co. TPR modifiers (types 2088A,
2095, and 2096) were supplied by Jia Xinhao Plastic Co. (Shen-
zhen, China). POE (8200), with about a 25 wt % octene con-
tent, a My of approximately 39,000, and an MFR of 5.0 g/min
(230°C, 2.16 kg), was obtained from Dow Chemical Co. (SCG,
Thailand). HDPE (5200B), with an MFR of 0.35 g/10 min
(190°C, 2.16 kg), was supplied by Sinopec Yanshan Petrochemi-
cal Co. (Beijing, China). The related parameters of TPRs are
given in Table I.

Table II. Formulas of the PPR Composites
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Sample Preparation

The melt blending of the PPR composites was performed with a
corotating twin-screw extruder (CTE20, Coperion Machinery
Co., Nanjing, China) with a rotation speed of 200 rpm. Temper-
atures along the barrel were increased from 190 to 210°C.
Standard specimens were molded with an injection-molding
machine (PL860/290, Haitian Machinery Co., Wuxi, China).
The molding temperatures were 230, 225, 220, 215, and 210°C,
respectively, and the injection pressures were from 55 to 40
MPa with a decrease of 5 MPa. The formula of the PPR compo-
sites is exhibited in Table IL

Characterization

DSC. The thermal behaviors of the PPR composites were
investigated by a DSC Q10 analyzer (TA Co.). Approximately
5-10-mg samples were rapidly heated from 40 to 250°C and
held for 5 min to eliminate their thermal history. We then
cooled them to room temperature at a rate of 10°C/min to
observe their crystallization behavior. Afterward, the samples
were reheated to 250°C at the same rate to record the melting
behaviors. The crystallization temperature (7T,), melting tem-
perature (T,,), and melting enthalpy (AH,,) were measured.
The crystallinity (Xc.psc) of PPR was calculated according to
the following equation’:

AH,
" X100%

AHD(1—9) =

Xc-psc(%)=
where AH,, and AH,, represent the melting enthalpies of the
samples and 100% pure crystalline PP (where AH,,” =177 J/g*"),
respectively, and ¢ is the mass fraction of modifiers in the PPR
composites.

WAXD. The WAXD spectra was recorded with a PANalytical
X’Pert Pro diffractometer (PANalytical, The Netherlands) in a
20 range of 10-30° (5°/min). The measurement was performed
with a conventional Cu Ko X-ray (4=0.154 nm, reflection
mode) under a voltage of 40 kV and a current of 40 mA. The
total crystallinity (Xcwaxp) of the samples was calculated with
the following equation:

ZAcryst
2Acry'st + z"Aamorp

where A.ryse and Aymorp represent the integral intensities of crys-
talline and amorphous regions, respectively.

X 100% (2)

Xe-waxp(%)=

The relative amount of S-form crystals (Kpg) was evaluated
according to the method proposed by Turner-Jones et al.”>

Modifier
Sample PPR 2088A 2095 2096 POE/HDPE =2:1 (wt %) Masterbatch (wt %)
PPR 100 0 0 0 0 2
PPR/TPR2088A 90 10 0 0 0 2
PPR/TPR2095 90 0 10 0 0 2
PPR/TPR2096 90 0 0 10 0 2
PPR/POE/HDPE 90 0 0 0 10 2
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Table IIL. T, T,,, AH,,, and X psc Values of the PPR Composites

Sample T.(C)  Tn(C)  AHm,Ulg) Xcopsc (%)
PPR 101.06 146.71 67.83 39.10
PPR/TPR2088A 100.91 14390 56.70 36.40
PPR/TPR2095 101.64 14440 58.63 37.64
PPR/TPR2096 100.89 14499 57.98 37.22
PPR/POE/HDPE 107.97 129.45, 53.03 36.10
144.57
1
A(300) X 100% (3)

a Ig(300) T Ly(110) T Lgoao) T L(130)

where Ig300) is the intensity of the (300) reflection peak of the
hexagonal f-form crystal at 20 =16.0° and I, 110) Iy40) and
IL(130) are the intensities of the (110), (040), and (130) reflection
peaks of the monoclinic a-form crystals at 14.1, 16.8, and 18.6°,
respectively.

Therefore, the crystallinities of the f§ and o forms (Xﬁ and X,
respectively) were calculated according to the following
equations:

Xp=X XKy (4)
Xac:Xc_X/ﬁ’ (5)

Dynamic Mechanical Analysis (DMA). DMA was performed
with a DMA Q800 analyzer (TA Co.). The double-cantilever
mode was selected, and the measurement was carried out on a
rectangular cross-sectional bar of 35 X 10 X 4 mm’ (Length X
Width X Thickness) from —120 to 120°C at a heating rate of
5°C/min and an oscillatory frequency of 1 Hz.

Mechanical Properties. The notched Izod impact strength of
the specimens was measured with a ZBC1400-B Izod machine
(SANS, MTS) according to ASTM D256-04. When low-
temperature tests were carried out, the specimens were first
kept in a thermostat at —30, —20, and —10, 0°C for 4 h,
respectively, and were then immediately subjected to impact.
The tensile testing was carried out at room temperature (23°C)

a
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with a SANS universal tensile testing machine (CMT4204,
MTS) in accordance with ASTM D638-03.

Scanning FElectron Microscopy (SEM). The microscopic phase
morphologies and the impact-fractured surfaces (fractured at
23, —10, and —30°C, respectively) of the samples were observed
with an SEM instrument (Quanta FEG250, FEI) at an accelera-
tion voltage of 20 kV. Samples were frozen-fractured in liquid
nitrogen. To observe the dispersion of the rubber phase, the
cryofractured surfaces were first etched in a mixed liquid of
1.5% w/v potassium permanganate, 70 vol % sulfuric acid, and
30 vol % phosphoric acid for 12 h and then etched by xylene at
60°C for 1 h."" All of the specimens were sputter-coated with a
thin layer of gold before the observations.

RESULTS AND DISCUSSION

Crystallization Behaviors

PPR blends with and without modifiers were investigated by
DSC. The corresponding data are presented in Table III. The
crystallization curves of the cooling process are shown in Figure
1(a), and the melting curves of the second heating step are
shown in Figure 1(b). From Figure 1(a) and Table III, it was
found that the addition of POE/HDPE enhanced T. of PPR
from 101.06°C (T, of virgin PPR) to 107.97°C. On the contrary,
the TPR modifiers (types 2088A, 2095, 2096) did not have a
distinct influence on T, For the PPR/POE/HDPE composites,
the obvious increase in T, may have been due to the flexible
polyolefin blocks (octene segments) of POE, and this acted as
nuclei of the PPR macromolecule segments.'> On the other
hand, the T, values of HDPE and PPR were very analogous;*’
blending the two substances interacting with each other could
induce and accelerate the crystallization behavior of the blends.

We found that the addition of any of the four different modi-
fiers had a similar decreasing effect on X psc of PPR, as shown
in Table III. However, the PPR/POE/HDPE and PPR/TPR2088A
blends exhibited relatively low crystallinities of 36.10 and
36.40%, respectively. This phenomenon was probably because of
the addition of elastomers; this increased the amorphous com-
ponents in the PPR matrix and resulted in more defects in the
crystalline structures.** This may have decreased the crystallinity

b PPR/POE/HDPE
1
= | PPR/TPR2096
)
> PPR/TPR2095
[=]
5 PPR/TPR2088A
g PPR
I
ke pure HDPE ;
L ! |
2 | '
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3 !
=
w '™i131509C
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Figure 1. (a) Crystallization and (b) melting curves of the PPR blends. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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Figure 2. WAXD diffraction patterns of the PPR blends. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

of the samples and, thus, effectively improved the impact
toughness of the materials.

We found that the thermograms of all of the samples showed
two peaks [Figure 1(b)]. The peak near 145°C was mainly
attributed to the a-crystal melting peak of PPR, and the other
shoulder peak appearing near 130°C may have been ascribed to
the incomplete crystallization of the PPR matrix. However, an
obvious shoulder peak appeared in the curve of the PPR/POE/
HDPE blends. This may have been due to the melting peak of
HDPE (the melting peak of neat HDPE appeared at 131.5°C);
this overlapped with the incomplete crystallization peak of the
PPR matrix rather than the generation of a new crystal, which
was further confirmed by WAXD. Moreover, as shown in Figure
1(b) and Table III, the addition of modifiers decreased the T,,
values of the composites. This was ascribed to the addition of
amorphous components, which had a dilution effect on the

crystallization region of the PPR matrix."®

Figure 2 shows the WAXD diffraction patterns of the PPR blends.
The corresponding data are listed in Table IV. For the spectrum
of PPR, the most intense reflections were presented at 26 values
of 14.1, 16.8, 18.6, and 21.2° in accordance with the (110), (040),
(130), and (111) lattice planes of the most common o crystals.
Afterward, for the spectra of PPR/TPR2088A, PPR/TPR2095, and
PPR/TPR2096, a new peak at 20 = 16.0° was observed. This was
assigned to the (300) lattice plane of f crystals and indicated the
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Figure 3. Tan ¢ values of the PPR blends. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

existence of f§ crystals in the PPR composites. In addition, a new
peak at 20 =23.9° of PPR/POE/HDPE was found; this corre-
sponded to the characteristic (200) lattice planes of HDPE.*
This further indicated that the shoulder peak of PPR/POE/HDPE
at about 130°C in the DSC test could have been mainly attrib-
uted to the melting peak of HDPE [Figure 1(b)]. According to
the Turner-Jones report,”> there may have also existed a (301)
reflection of f§ crystals at 21.2°% this overlaps the (111) reflection
of o crystals.” Therefore, during the calculation of Kj, intensity,
(I) (301), and I (111) were not involved in the analysis.

As shown by Table IV, the Xcwaxp values of the composites
decreased obviously with the addition of modifiers; this was con-
sistent with the results of DSC. Furthermore, the addition of the
TPR modifiers (types 2088A, 2095, and 2096) induced the f
crystals and made the initiation and propagation of plastic defor-
mation more available and made the absorption of impact energy
easier.”® In addition, K of PPR/TPR2088A was 15.5%, which was
higher than that of the other samples. The increase of f§ crystals
may have enhanced the energy dissipation and resulted in the
improvement of low-temperature impact toughness.

Dynamic Mechanical Properties

The fracture resistance was the essential response of the molecu-
lar chain mobility, which could be characterized by DMA. The
mechanical loss factors (Tand) are shown in Figure 3, and the
corresponding data are exhibited in Table V.

Table V. Relaxation Parameters Obtained from the DMA Measurement of
the PPR Samples with and without Modifiers

Table IV. Xc.waxp» Xp, X, and Kj Values of the PPR Samples Sample Ty C) T, (C) IR-p [ Ir
PPR 1562 — 394 — 3.94
Sample Xownxo (%) X, (8] Xy O8] Ky (%) PPR/TPR2088A 966 -6795 597 161 7.58
PPR 62.5 625 0 0 PPR/TPR2095  11.04 —4051 428 069 497
PPR/TPR2088A  58.5 494 91 15.5 PPR/TPR2096 1361 -36.02 437 074 511
PPR/TPR2095 616 528 88 14.3 PPR/IPOE/HDPE  14.07 -3015 403 131 534
PPR/TPR2096  60.3 525 78 12.9
PPR/POE/HDPE 589 58.9 0 0 Iz, integration area of the g relaxation of PPR; Iz, integration area of
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Figure 4. (a) Izod impact strength of the PPR blends obtained at different temperatures and (b) corresponding tensile properties tested at 23°C: (A)
PPR, (B) PPR/TPR2088A, (C) PPR/TPR2095, (D) PPR/TPR2096, and (E) PPR/POE/HDPE. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

As shown in Figure 3, we found that all of the curves exhibited
three different damping peaks. The first peak at about 80°C was
mainly due to the o, relaxation, and this was related to the
relaxation of the restricted molecular chains of PPR in the crys-
talline phase with defects. It was also known as the rigid frac-
tion.””° The second peak at about 15°C was referred to the f8
relaxation and was attributed to the glass transition of the unre-
stricted molecular chains of PPR in the amorphous region. This
accounted for the molecular mobility of the matrix. Afterward,
the temperature related to the f§ relaxation peak was defined as
the glass-transition temperature (T,) of the sample.5 > 1n addi-
tion, the mechanical loss peaks at low temperatures of —30 to
—70°C (T,) belonged to the o relaxation of TPR or POE of the
elastomer-modified PPR. This accounted for the molecular
mobility of the elastomer particles.

Obviously, as shown in Figure 3 and Table V, the T, values of
all of the modified samples shifted to lower temperatures when
compared with that of the virgin PPR. The T, values of all of
the modified samples translated to higher temperatures com-
pared with the T, values of the elastomers. To some extent, this
partially that the PPR blends
compatibility.

In addition, the T, of PPR/TPR2088A decreased sharply. The
reduction in T, indicated the enhancement of molecular chain
mobility in the amorphous region of the PPR composites at a
lower temperature. It played a critical role in the low-
temperature toughness. In addition, the higher intensity of f§
relaxation, the more energy dissipation happens. It may lead to
higher impact fracture resistance. Although the energy dissipa-
tion in the process of viscoelastic relaxation could be responsi-
ble for the enhancement of toughness,'®*>
factor in determining the toughness.

indicated showed good

it was not the only

On the other hand, it was also proven in the reports that
there existed a certain relationship between the total integra-
tion area of the relaxations (Ip; the f relaxation of PPR
together with the « relaxation of elastomers) and the impact
strength.”® Namely, when the sample had an excellent impact
strength in the mechanical measurement, it usually showed a
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bigger I during the DMA measurement. This way, the whole
relaxation spectrum was taken into account in the material
evaluation. So, I rather than the maximum of each peak, will
always be used to reflect the contributions of all of the struc-
tural groups present in the material. The gray shadows
depicted in Figure 3 show the areas used to calculate the Ix
values of the relaxations. As shown in Table V, the value of I
of all of the composites was greatly increased in comparison
with the virgin PPR. Among them, I of PPR/TPR2088A com-
posite improved the most, with an increase of 92.4%, and
PPR/POE/HDPE was the second best, with an increase of
35.5%. Moreover, in fact, the a relaxation of the elastomers
were first activated under low-temperature impact condi-
tions.”® As shown in Figure 3, the T, of PPR/TPR2088A com-
posite was the lowest; this was exactly consistent with its low-
temperature performance.

In conclusion, the improvement of the low-temperature tough-
ness of the PPR composites was a common effect of the kinds
of factors: the T, of the matrix and the temperature of the elas-
tomer phase together with Ir.

Mechanical Properties

The results of Izod impact strength, tensile strength, and elon-
gation at break testing of the PPR blends are exhibited in
Figure 4.

As shown in Figure 4(a), when the temperature decreased, the
impact toughness of each set of the samples showed a trend of
decline. However, all of the modified samples exhibited a
higher impact strength than that the virgin PPR at five differ-
ent temperatures. However, the PPR/POE/HDPE blends
revealed the best impact strengths at —10 to 23°C among these
samples; these were 47.1 kJ/m? (—10°C), 58.4 kJ/m? (0°C), and
68.5 kJ/m? (23°C), respectively. The impact strength of PPR/
POE/HDPE was three to five times better than that of the vir-
gin one. This may have been attributed to the POE/HDPE par-
ticles, which acted as stress concentration centers in the matrix
and may have induced large amounts of shear zones. Therefore,
this significantly increased the impact strength of the compo-
sites. Moreover, POE not only improved the compatibility of
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Figure 5. SEM micrographs of the etched samples: (a) PPR/TPR2088A, (b) PPR/TPR2095, (c) PPR/TPR2096, and (d) PPR/POE/HDPE. The scale repre-

sents 4 pum.

the PPR/HDPE blends but also blocked and terminated the
development of cracks.** However, when the temperature con-
tinued dropping, the impact strength of PPR/POE/HDPE
decreased sharply (5.4 kJ/m? at —20°C and 3.5 kJ/m® at
—30°C), nearly to the value of neat PPR. Meanwhile, the
impact toughnesses of PPR/TPR2095 and PPR/TPR2096 were
also consistent with that of the neat one at —20 to —30°C. On
the contrary, PPR/TPR2088A showed the best toughness among
all of these samples at —20 to —30°C, which was twice higher
than that of the virgin PPR. The reason may have been the
TPR elastomers, which had a similar structure to that of PPR.
It could make these two phases generate a transition layer of
good miscibility.’* In addition, the TPR modifiers might also
have behaved as a nucleation agent in the PPR matrix;'® this
changed the crystal morphology and refined the PPR spheru-
lites. The small spherulites might have effectively prevented
microcracks growth into real cracks® and then improved the
low-temperature toughness of PPR. On the other hand, the
existence of a small amount of high-elastic polybutadiene seg-
ments in the composite could accelerate the chain scission and
result in proper crosslinking of the PPR matrix;*® this enhanced
the impact and tensile strength of the composite simultane-
ously. TPR2088A had the lowest hardness, and this reflected
the best elasticity. It had a relatively high My and high content
of polybutadiene (PB) blocks compared with the other two
TPR modifiers (the basic differences of the TPR, are shown in
Table I). It tangled with the chain of the matrix easier, and this
might have increased the adhesive force between interfaces®”
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and improved the impact strength of the composite. As a
result, the PPR/TPR blends based on TPR2088A revealed a
good impact toughness at ultralow temperatures (—20 to
—30°C). However, even when crosslinking or other effects were
not present, the presence of an appropriate secondary TPR
phase might have increased the toughness of the continuous
phase at ultralow temperatures. This is further explained in the
Microstructure Morphological Analysis section.

We observed in Figure 4(b) that the tensile strength of the PPR
composites presented a downward trend, except for PPR/POE/
HDPE. In addition, the tensile strength of PPR/TPR2088A
decreased the least among the PPR/TPR composites. The trends
of elongation at break were similar to that of the tensile strength.

Consequently, PPR/POE/HDPE obtained good toughness in the
temperature interval from —10 to 23°C without a loss in other
mechanical properties. In addition, the PPR/TPR2088A blends
obtained an obvious enhancement in the toughness, especially
at ultralow temperatures (—20°C to —30°C) and at the cost of
a slightly lower tensile strength.

Microstructure Morphological Analysis

To investigate the toughening mechanism of the PPR blends,
SEM was adopted to inspect the etched microstructures and
impact-fractured surfaces of the samples. The typical SEM pho-
tographs are shown in Figures 5-8.

As shown in Figure 5, dark holes represented the dispersed
phases, which were etched out from the matrix by mixed acid

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42960
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Figure 6. Impact-fractured surfaces of the PPR blends obtained at 23°C:
viewed in the online issue, which is available at wileyonlinelibrary.com.]

and xylene. We found that numerous voids were dispersed in
the fractured surfaces, which presented the typical droplet—
matrix morphology of the PPR blends. In addition, the aver-
age size of all of the modifier particles was less than 0.5 um,
and the nanoscaled particles were more easily and uniformly
dispersed in the PPR matrix. The good dispersion indicated
that the rubbers presented good interfacial compatibility with
the matrix. As we all know, the achievement of good compati-
bility during blending is crucial for promoting good interac-
tion between the interface of the components and may
improve the impact strength of the material. As shown in Fig-
ure 5(a), the particle size of TPR2088A was the smallest
among these samples, and it dispersed evenly. The good dis-
persion and nanosized droplets of the TPR modifiers in the
PPR matrix could act as stress concentrators and absorb
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(a) PPR, (b) PPR/TPR2088A, and (c) PPR/POE/HDPE. [Color figure can be

. 1 . . .
external impact forces,"” which were beneficial for

toughening.

Additionally, the impact-fractured surfaces of the PPR compo-
sites at different temperatures (23, —10, and —30°C, respec-
tively) are shown in Figures 6-8. The white arrows depicted in
the pictures represent the crack propagation direction. As
shown in Figure 6, plastic deformation (rough surface) was
identified in the whole fractured surfaces at room temperature.
The roughness of PPR/TPR2088A and PPR/POE/HDPE were
more obvious compared with that of virgin PPR; this indicated
a ductile fracture mode of the two samples at 23°C. Moreover,
the obvious interface adhesion and cavitation phenomena are
presented in Figure 6(c). It has been generally accepted that
the existence of HDPE made the interface adhesion between
POE and PPR enhanced, which played a crucial role in

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42960
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Figure 7. Impact-fractured surfaces of the PPR blends obtained at —10°C: (a

viewed in the online issue, which is available at wileyonlinelibrary.com.]

absorbing the impact deformation energy.’®*™*! It was beneficial
to improve the brittle—ductile transition of rubber-toughened
PPR. On the other hand, the addition of POE/HDPE pro-
moted the shear yielding of the matrix'”** and resulted in the
enhancement of toughness.

As shown in Figures 7 and 8, the virgin PPR exhibited an
obvious brittle fracture (smooth surface) mode at both —10
and —30°C. In contrast, distinct plastic deformation was
observed in the impact-fractured surfaces of PPR/TPR2088A
and PPR/POE/HDPE at —10°C [Figure 7(b,c)]. Additionally,
the plastic deformation of PPR/POE/HDPE was more obvious
[Figure 7(c)]. This was in good agreement with the highest
toughness of PPR/POE/HDPE at —10°C, as demonstrated in
Figure 4(a). However, as shown in Figure 8(c), the PPR/POE/
HDPE composite exhibited an obvious brittle fracture (smooth
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PPR, (b) PPR/TPR2088A, and (c) PPR/POE/HDPE. [Color figure can be

surface) mode when the temperature decreased to —30°C. On
the contrary, PPR/TPR2088A with a rougher fractured surface,
moderate interface adhesion, and cavitations showed the char-
acteristics of ductile fracture; this was consistent with its high-
est toughness at —30°C [Figure 4(a)]. TPR2088A, with a high
content of PB blocks and relatively high MFR, was more easily
dispersed as small rubber particles in the matrix to better
absorb the impact energy and then improved the toughness of
PPR at ultralow temperatures.

Because of the previous discussions, it was reasonable to infer
that both the uniform dispersion, interfacial adhesion, cavita-
tion ability of the rubber phase, and shear yielding of the
matrix were responsible for their toughness. These factors work-
ing together might transfer the composites from ductile into
high ductile or even supertough materials.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42960
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Figure 8. Impact-fractured surfaces of the PPR blends obtained at —30°C: (a) PPR, (b) PPR/TPR2088A, and (c) PPR/POE/HDPE. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

CONCLUSIONS ness of PPR in the ultralow temperatures interval from —20
to —30°C with a slight decrease in the stiffness.

2. The crystallization results showed that X of the materials
decreased after modification. The crystallinity of the PPR/
POE/HDPE composite declined the most, followed by that
of PPR/TPR2088A. In addition, a small amount of f§ crystals
was induced in the PPR/2088A blends, and this could lead
to the enhancement of the toughness.

3. DMA measurement confirmed that the reduction in the T,
of the matrix, the lower temperature of the elastomer phase,
and the bigger I led to the improvement of the low-
temperature toughness of the PPR composites. The T, of
PPR/TPR2088A was the lowest. In addition, the temperature

Highly toughened PPR composites were prepared by the addi-
tion of different modifiers (three kinds of TPR modifiers
or blends of POE/HDPE; ~10 wt %). The crystallization
behaviors, dynamic mechanical properties, low-temperature
performances, and microstructures of the composites were
investigated. The conclusions of the study are summarized as
follows:

1. The impact toughness of all of the samples showed a trend
of decline with decreasing temperature, whereby the PPR/
POE/HDPE ternary blends exhibited a significant enhance-
ment in both toughness and stiffness in the temperatures

Applied Polymer -
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interval from —10 to 23°C. In addition, the TPR modifier
(type 2088A) had an excellent improvement in the tough-
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of o relaxation of PPR/TPR based on TPR2088A was also
the lowest. On the other hand, the I values of the PPR/
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increased
low-

TPR2088A and PPR/POE/HDPE composites
greatly. This was exactly consistent with their
temperature performance.

Microstructural characterization revealed that small dis-
persed particle size and good compatibility played an impor-
tant role in the improvement of the low-temperature impact
toughness of PPR/POE/HDPE and PPR/TPR based on
TPR2088A.
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