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Abstract   Ethylene-propylene block copolymer (EbP) is a vital component in impact polypropylene copolymer (IPC), yet its distribution in the

multiphase composite material and how it influences the phase structure and the mechanical properties are not well understood. In this work,

four IPCs were investigated by atomic force microscopy-infrared (AFM-IR) to assess the phase compositions in situ, based on which in conjunc-

tion with the chain microstructure information obtained ex situ the distributions of the copolymer components were derived for each alloy. For

the IPCs whose EbP comprises long P and long E segments, the EbP fraction was found to phase separate from the rubber and the PP matrix to

form the cores of the disperse particles with the E-P segmented copolymer (EsP). In contrast, in the IPC with EbP composed of long P and short E

segments, the EbP fraction formed an outer shell for the rubber particles with the cores comprising the EsP alone, and this IPC, containing a lower

E comonomer content than its counterpart, exhibited both better impact resistance and higher flexural modulus. These results clarify how the

chain structure of EbP governs the phase morphology in IPC, which in turn impacts the properties of the composite material.
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INTRODUCTION

Impact  polypropylene  copolymer  (IPC)  has  been  used  exten-
sively  in  automotive,  packaging  and  other  industries  in  recent
years  because  of  its  many  excellent  properties,  such  as  bal-
anced rigidity and impact resistance at low temperatures, good
processability  and  chemical  stability.  It  is  an  alloy  of  PP  pro-
duced  in  the  reactor  in  two  steps.  First,  propylene  monomers
are polymerized using a Ziegler-Natta (ZN) catalyst to generate
isotactic  PP,  which  provides  stiffness  for  the  end  product,  and
then,  a  mixture  of  propylene  and  ethylene  is  introduced  to
make  ethylene-propylene  copolymers  to  toughen  the  material
in  situ.[1,2] The  polymerization  in  the  second  step  is  complex,
generating  ethylene-propylene  block  copolymers  (EbPs)  with
different  block  lengths  and  distributions,[3] ethylene-propylene
random copolymer (EPR) and possibly a small  amount of ethy-
lene  homopolymer  in  addition  to  PP  homopolymer.[4,5] In  the
subsequent melt processing, these components undergo phase
separation and phase reorganization, and form rubber particles
with multilayer structure dispersing in the PP matrix.[6] The rub-
ber  particles  are  about  several  hundred  nanometers  to  several
microns  in  diameter,  and  their  internal  structure,  dispersion  in
and  interactions  with  the  PP  matrix  together  affords  the  IPC  a
good  property  balance  between  the  stiffness  and  the  tough-

ness.[7−10]

Since the properties  of  IPC depend the complex  composi-
tion  and  phase  structure,[7,11,12] it  has  attracted  much  atten-
tion  over  the  years.  The  different  components  in  IPC  have
been  extracted  by  temperature  rising  elution  fractionation
(TREF)  and their  chain  structures  determined,[13−18] based on
which  a  model  of  multilayered  rubber  particles  dispersed  in
PP matrix was proposed. In this well accepted model, the core
of the particle comprises EbPs with long E blocks and PE ho-
mopolymer and thus is mainly crystalline PE, which is encap-
sulated by an amorphous and rubbery inner layer of EPR, with
an  outer  shell  between  the  rubber  layer  and  the  PP  matrix
consisting  of  PE  and  PP  crystallites.[19] This  model  is  further
supported  by  the  morphologies  observed  for  IPC  thin  films
cast  from  solution  and  corresponding  selected  area  electron
diffraction results.[20,21] While  it  is  unambiguous that  the EPR
is responsible for improving the toughness of the composite
material,  the  roles  of  the  EbPs  remain  not  well  understood
and have been the topic of much research. For example, Qiu
et al. used the fractions isolated from a commercial IPC to pre-
pare PP/EPR/EbP blends by solution-mixing[22] and found that
the EbP served as a compatibilizer between the PP matrix and
the  EPR,  affecting  the  interfacial  area  and  the  number  and
morphology  of  the  dispersed  particles.  It  was  observed  that
when the EbP content  decreased,  there  were fewer  particles
with  the  core-shell  structure  and  more  of  single  EPR  rubber
phase. Rungswang et al. studied the structure of crystallizable
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EbP in IPCs with different mechanical properties, and inferred
that  EbPs  with  high  contents  of  long  P  segments  might  co-
crystalize  with  the  PP  matrix,  which  helped  increasing  the
rigidity.[23] Tan et  al.  observed  higher  toughness  in  IPC  upon
increasing the content of crystallizable EbP in the system, and
attributed the effects to improved compatibility between the
EPR disperse  phase  and the  PP  matrix  with  the  crystallizable
EbP  acting  as  the  compatibilizer.[4] However,  the  studies  in
the literature so far have based on analyses of fractions isolat-
ed from IPC materials and the phase structure rebuilt by solu-
tion  blending  of  these  fractions,  whereas  experimental  evi-
dence obtained in situ on the roles that EbP plays is lacking.

Atomic  force  microscopy-infrared  (AFM-IR)  is  a  technique
emerging in recent years enabling spectroscopic analysis at a
sub-100 nm spatial resolution, and has been employed in in-
vestigation  of  nanoscopic  domains in  situ in  polymeric  sys-
tems.[24−26] By  using  this  powerful  technique,  our  group  es-
tablished a quantitative method to analyze in situ the compo-
sitions  of  nanoscopic  domains  in  IPC,[27] and  found  that  in
some commercial  IPCs the rigid cores of  the rubber particles
are  dominated  by  PP  rather  than  PE  as  predicted  by  the  es-
tablished model,[28] which indeed is beneficial to the stiffness
of the alloy.[10,29]

The  aim  of  the  present  study  is  to  elucidate  the  effects  of
EbP on the phase structure formation and mechanical proper-
ties  of  IPC.  Two  sets  of  commercial  IPCs  are  investigated.  In
the first  set  we compare two alloys of  similar  chain structure
for each fraction and hence similar phase structure, and show
that  the  one  with  a  higher  ethylene  content  has  better  im-
pact strength as expected. In contrast, the two IPCs in the sec-
ond  set  exhibit  different  phase  structure,  and  the  one  con-
taining  less  ethylene  units  is  indeed  more  impact  resistant
and stiffer,  and we show that  the EbP fraction is  responsible
for these effects. Our findings are reported herein.

EXPERIMENTAL

Materials
Four commercial IPC resins collected from the market were used
in this study, the basic information of which is listed in Table 1.

Characterization
Melt flow rates (MFRs) were measured on a melt indexer (XNR-
400C, Chengde Jinhe Instrument Manufacturing Co., Ltd., China)
under  the  load  of  2.16  kg  at  230  °C.  Notched  Izod  impact  was
performed  on  a  tester  (XJU-2.75,  Chengde  Testing  Machine
Factory,  China)  following  GB/T1843-2008  standard.  The  test
specimens  were  of  63.5  mm  ×  12.7  mm  ×  3.2  mm  (length  ×
width  ×  thickness)  in  size,  with  a  45°  V-shaped  notch  (2.5  mm
depth),  and  were  maintained  at  the  designated  temperature
(23±2 or −30±2 °C) for 24 h before testing. Flexural strength was

measured  at  room  temperature  (23±2  °C)  by  using  a  universal
testing  machine  (Instron-1121,  UK)  at  2  mm/min  according  to
GB/T  9341-2008  standard.  The  dimensions  of  the  specimens
were 80 mm × 10 mm × 4 mm (length × width × thickness). The
result for each sample was an average of five replicates.

FTIR spectra were recorded on a ThermoNicolet 6700 spec-
trometer equipped with a MCT detector using the attenuated
total  reflectance  mode  (ZnSe  crystal,  45°,  Pike  Technologies)
at 4 cm−1 resolution. The samples were hot pressed into thin
films for testing.

Differential scanning calorimetric (DSC) thermograms were
collected  on  a  DSC  Q20  calorimeter  (TA  Instruments)  under
nitrogen atmosphere. The sample (5−10 mg) was first heated
to 200 °C at a rate of 100 °C/min and held at that temperature
for 5 min to erase the thermal history.  Then,  the sample was
cooled down to 20 °C, maintained for 1 min and then heated
to  200  °C  at  a  ramping  rate  of  10  °C/min.  The  crystallization
temperature  (Tc)  and  the  melting  temperature  (Tm)  was  ob-
tained from the cooling and the reheating run, respectively.

Wide-angle X-ray diffraction (WAXD) patterns were record-
ed with a semiconductor detector with a resolution of 487 ×
195 (pixel size=172 μm) (Pilatus100K, Dectris, Swiss) connect-
ed  to  a  multilayer  mirror  (FOX3D  21-21,  Xenocs  SA,  France)
with  a  focused  Cu  Kα X-ray  source  (0.154  nm  wavelength,
Genix3D  Xenocs  SA,  France)  operating  at  50  kV  and  0.6  mA.
Fit2D software was used for background comparison and da-
ta analysis.

AFM-IR  analyses  were  carried  out  on  a  first  generation
nanoIRTM (Anasys Instruments).  The samples were sliced into
thin films of 200−400 nm thickness by cryomicrotomy at −120
°C,  which  were  placed  on  a  ZnSe  prism  mounted  on  the  in-
strument.  AFM images were acquired in contact mode using
an EX-C450 tip, and then the sample was illuminated from un-
derneath in a total internal reflection mode by an Ekspla opti-
cal  parametric  oscillator  laser  with  a  tuning  range  of
900−2000 cm−1 and a spectral resolution of 4 cm−1, and AFM-
IR  spectrum  was  generated  by  measuring  with  the  AFM  tip
the thermal expansion of the sample as a function of the laser
wavelength  normalized  by  the  laser  intensity  averaged  over
128 pulses.

RESULTS AND DISCUSSION

Four  commercial  IPC  samples  are  selected  and  investigated  in
this  study.  Their  FTIR  spectra  in  the  1550−650  cm−1 region  are
displayed in Fig. 1.  The four spectra are almost identical,  domi-
nated  by  the  symmetric  CH3 bending  at  1378  cm−1,  the  CH2

bending  and  asymmetric  CH3 deformation  at  1456  cm−1,[30,31]

with  other  PP  characteristic  bands  at  1167,  998,  973,  900,  841
and  809  cm−1,  as  well  as  the  methylene  rocking  band  at  ~720
cm−1 due  to  long  ethylene  sequences,  consistent  with  that  re-

 

Table 1    Characteristics of the four IPCs.
 

Sample Ethylene content (wt%) MFR (g/10min) Flexural modulus (MPa)
Notched izod impact strength (kJ/m2)

23 °C −30 °C

IPC-1 15.98 45.5 951.7±32.1 3.87±0.25 3.19±0.29
IPC-2 10.23 49.2 955.6±28.5 2.90±0.14 2.47±0.40
IPC-3 9.13 61.0 1498.4±38.6 2.52±0.14 1.95±0.11
IPC-4 6.04 54.6 1828.0±69.4 3.86±0.22 2.18±0.21
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ported for typical IPCs.[30,32,33] Table 1 lists the basic characteris-
tics of these four IPCs. The first two are of medium flow, and the
one with a higher ethylene content (IPC-1) is more impact resis-
tant,  as  expected.  Between  the  other  two  grades  (high  flow),
however, the alloy containing less ethylene (IPC-4) is superior to
the other in both impact resistance and stiffness, exhibiting the
opposite trend. In-depth analyses are needed in order to identi-
fy  the structural  characteristics  responsible for  this  unusual  be-
havior.

Fig. 2 compares DSC heating traces of the four alloys in two
groups.  We see in Fig.  2(a) that the DSC curves for IPC-1 and
IPC-2 are almost identical,  dominated by the melting of crys-
talline  PP  at  ~165  °C,  with  a  weak  melting  peak  observed  at
~118  °C,  signaling  presence  of  crystallizable  E  segments  in
both  alloys.  For  the  two  IPCs  in  the  second  group  (Fig.  2b),
significant  difference is  observed in  their  thermal  properties.
The weak melting peak at ~118 °C due to PE crystallites is ob-
served for  IPC-3,  whereas it  is  absent in the heating curve of
IPC-4, implying the lack of long and crystallizable ethylene se-
quences  in  the  latter.  Furthermore,  the  melting  peak  of  the
crystalline PP in IPC-4 is located at 168 °C, significantly higher
than that for IPC-3, which suggests that the PP homopolymer
in  IPC-4  has  a  higher  isotacticity,  which  is  beneficial  to  the
stiffness of the material.

The  crystalline  structures  of  the  IPCs  were  assessed  by
WAXD as depicted in Fig. 3. The diffraction peaks characteris-
tic of α-form crystals of isotactic PP at 14.0° (110), 17.0° (040),
18.6°  (130),  21.0°  (111),  and  21.5°  (131  and  041)[34] are  ob-
served for all four samples. In Fig. 3(a), the diffraction profiles
for  IPC-1 and IPC-2 are very similar,  in  line with the FTIR and
DSC results. Moreover, the (040) and (130) diffractions of crys-
talline PP at 17.0° and 18.6° respectively for IPC-4 are stronger
than  that  for  IPC-3,  implying  more  ordered  PP  crystalline
structure  in  IPC-4,  which  contributes  to  its  higher  stiffness
than the latter.

The  four  alloys  have  been  fractionated  by  TREF  and  the
molecular  structure  and  compositions  of  the  original  resins
and  their  fractions  analyzed  in  great  detail  in  a  separate  re-
port.[35] It  should  be  mentioned  that  the  block  copolymers
generally  are  eluted  as  two  distinct  fractions.  The  fraction
eluted  at  a  lower  temperature  comprises  short  E  and  P  seg-
ments  and is  named ethylene-propylene segmented copoly-
mer (EsP), whereas the other one eluted at a higher tempera-

ture contains chains with E and P units in long sequences and
is  still  called  EbP.[3,36] The  characteristics  of  the  copolymer
fractions  of  the  four  IPCs  are  listed  in Table  2.  By  comparing
the  corresponding  fractions,  it  can  be  seen  that  the  chain
structures of IPC-1 and IPC-2 are very similar, in particular the
two  EbP  fractions  contain  roughly  the  same  amount  of  E
units,  and the corresponding E and P block lengths are simi-
lar  between the two segments.  In  contrast,  significant  differ-
ence exists in EbP between IPC-3 and IPC-4, the former com-
prising  very  long  P  and  E  blocks  and  the  latter  medium  and
short  ones.  How the chain structure affects  the morphology,
which  subsequently  impacts  the  physical  properties  of  the
IPC is the focus of this work, to be discussed later.

Fig. 4 presents the morphology of the four alloys as exam-
ined by AFM, and the images show rubber particles with core-
shell  structure dispersed in the PP matrix  in all  cases,  consis-
tent with that of typical IPCs. In all these images the particles
exhibit a broad size distribution, but we still  can see that the
particles in IPC-1 and IPC-2 roughly are of similar size (Figs. 4a
and 4b), whereas for the second group, the difference in mor-
phology  between  the  two  samples  is  obvious,  with  the  dis-
persed particles in IPC-4 significantly smaller than that in IPC-
3 (Figs. 4c and 4d).

Table  3 summarizes  the  size  and  volume  fraction  of  the
rubber  particles  in  the  four  IPCs  extracted  from  AFM  images
acquired.  The  volume  fraction  of  the  dispersed  particles  in
IPC-1 and IPC-4 is 19.2% and 12.3%, respectively, with that for
the  other  two  in  between,  in  line  with  the  contents  of  EPR
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Fig. 1    FTIR spectra of the four IPCs.
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Fig. 2    DSC heating curves of the four IPCs.
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fraction in these alloys revealed by TREF (Table 2). The size of
rubber  particles  is  known  to  affect  the  brittle-ductile  transi-
tion of IPC, in particular the larger particles influence the im-
pact  behavior  adversely.[37] The  average  diameter  of  the  dis-
persed particle in IPC-1 and IPC-2 is about 0.63 and 0.64 μm,
respectively,  almost  the same.  In  the second group,  the rub-
ber particles in IPC-3 are about 0.48 μm on average, whereas
that  in  IPC-4  are  much  smaller,  with  an  average  diameter  of
0.31  μm.  The  reason  for  this  difference  in  dispersed  particle
size  between  IPC-3  and  IPC-4  will  become  clear  when  the
structures are better analyzed in following section.

Next, the composition of the different phases in the IPCs is
analyzed in  situ quantitatively by AFM-IR using a method es-
tablished  previously.[27,28] Fig.  5 displays  typical  AFM  images
of the IPC samples, each showing a core-shell rubber particle
dispersed in PP matrix,  and corresponding AFM-IR spectra in
the 1500−1300 cm−1 region acquired for the core, rubber, and
matrix  domains,  respectively,  at  the  marked  locations.  The
spectra  are  normalized  to  the  methyl  bending  band  at  1378
cm−1 in  order  to  eliminate  the  effect  of  sample  thickness,  so
that the ethylene contents in the three phases of the IPC can
be  better  represented  by  the  intensities  of  the  1456  cm−1

band. For the particular cases shown in Fig. 5, the spectra in-
dicate that the ethylene content in the core is lower than that
in the rubber phase. Multiple particles were thus analyzed for
each  IPC  and  the  ethylene  contents  in  the  different  phases
derived quantitatively, which are listed in Table 4.

For  all  the  four  IPCs,  the  ethylene  content  in  the  matrix
phase thus determined is essentially zero, in line with the fact
that  the  matrix  phase  is  PP  homopolymer,  validating  the
quantitative  AFM-IR  method.  Moreover,  for  each  alloy,  the
amount  of  ethylene  in  the  rubber  phase  detected in  situ by
AFM-IR well matches that for the EPR fraction extracted from
the  same  alloy  determined  by 13C-NMR  (Table  2).  Take  IPC-1
as an example, the two numbers are 45.7 wt% and 45.74 wt%,
respectively.  The  excellent  agreement  between  the  two  sets
of numbers produced by the vastly different approaches, one
nanoscopic  and in  situ whereas  the  other  macroscopic  and
ex situ, further validates the AFM-IR quantitation method. This
result  also  implies  that  the  intermediate  phase  in  these  IPCs
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Fig. 3    WAXD profiles of the four IPCs.

 

Table 2    Characteristics of different fractions of the four IPCs.[35]
 

Sample Fraction Content
(wt%)

Ethylene
content
(wt%)

Average segment
length

nP nE

IPC-1 EPR 18.05 45.70 2.0 2.6
EsP 4.15 46.51 8.9 11.6
EbP 4.04 16.92 119.0 36.4

IPC-2 EPR 16.18 40.48 2.5 2.5
EsP 6.47 36.31 15.9 13.5
EbP 6.66 15.98 152.9 43.5

IPC-3 EPR 12.71 37.15 2.7 2.4
EsP 5.55 25.65 22.0 11.3
EbP 6.23 10.01 668.5 112.0

IPC-4 EPR 11.00 36.03 2.6 2.2
EsP 2.23 19.94 13.6 5.1
EbP 2.63 8.62 51.7 7.5
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Fig.  4    AFM  images  of  (a)  IPC-1,  (b)  IPC-2,  (c)  IPC-3  and  (d)  IPC-4
(inset shows a core-shell particle in higher magnification).

 

Table 3    Size and volume fractions of the dispersed particles in the four
IPCs.
 

Sample Average diameter (μm) Volume fraction (%)

IPC-1 0.63±0.33 19.2±2.6
IPC-2 0.64±0.33 15.5±3.4
IPC-3 0.48±0.28 14.6±2.6
IPC-4 0.31±0.22 12.3±1.8
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comprises almost exclusively EPR. On the other hand, the dis-
tribution of the block copolymers, EsP and EbP, which is cru-
cial to the formation of the core-shell structure for the rubber
particles[3,22] and the mechanical properties of the alloy,[4,38] is
more complicated. They can form the core and the outer shell
of the dispersed particles.[19,39] However, due to their similari-
ty  in chain structure and composition,  it  is  difficult  if  not  im-
possible  to  distinguish between EsP and EbP in  the particles

in situ.  Recently, we showed that based on the ethylene con-
tent in the core phase measured by AFM-IR and the composi-
tions  of  the  EsP  and  EbP  fractions  determined  by 13C-NMR,
the distribution of the two types of block copolymers can be
deduced.[29] The rubber particles in the four IPCs are then an-
alyzed using this protocol. For IPC-1, assuming that the core is
composed of EsP and EbP, which contains 46.5 wt% and 16.9
wt% ethylene, respectively as determined by 13C-NMR (Table
2), to account for the 31.0 wt% ethylene identified in the core
by  AFM-IR,  the  following  equation  must  hold:  46.5Xs +  16.9
(1 − Xs) = 31.0, where Xs is the mass fraction of EsP in the core.
This gives an EsP fraction of 0.48 by weight, and EbP fraction
of  0.52  accordingly.  In  other  words,  the  core  comprises  EsP
and EbP in about 1:1 ratio. This ratio matches that of EsP and
EbP in IPC-1 determined by fractionation, which yielded con-
tents of 4.15 wt% and 4.04 wt% for the two (Table 2), respec-
tively,  with a  ratio  of  ~1:1.  Therefore,  we conclude that  both
EsP  and  EbP  compose  the  core  in  IPC-1,  consistent  with  the
well  accepted  model.[3,19,23] Using  the  same  method  we  find
that the core phase of IPC-2 also consists of EsP and EbP of a
roughly  equal  amount,  with  a  weight  fraction  of  0.53  and
0.47, respectively, the ratio of which about the same as that in
the  alloy  (Table  2).  The  similar  distribution  of  the  different
copolymer  components  in  the  multilayered  rubber  particles,
or in other words the similar multilayer phase structures iden-
tified  in  IPC-1  and  IPC-2,  is  attributed  to  the  similar  chain
structures  between  the  corresponding  copolymer  compo-
nents of the two alloys. In particular, the ethylene sequences
in  EbP  for  IPC-1  (nE=36.4)  and  IPC-2  (nE=43.5)  are  relatively
long  and  therefore  able  to  form  PE  crystallites,  as  we  ob-
served by DSC (Fig. 2a), contributing to phase separation be-
tween EbP fraction and PP matrix phase. The dispersed parti-
cle structure is schematically illustrated in Fig. 6(a).
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Fig.  6    Schematic  illustration  of  the  distribution  of  different
copolymer  components  in  the  multilayered  rubber  particle  in  (a)
IPC-1, IPC-2 and IPC-3, and (b) IPC-4.
 

In the second group, we reach a same conclusion for IPC-3,
that the rigid core consists  of  both EsP (0.47)  and EbP (0.53),
which contains 26.7 wt% and 10.0 wt% ethylene, respectively
(Table 2), to account for its 17.4 wt% ethylene content found
by AFM-IR in the core,  and again the weight ratio of the two
copolymers in the core phase thus determined matches well
that in the entire alloy (5.55 versus 6.23 wt%). However, IPC-4
appears  very  different.  The  average  ethylene  content  in  the
core obtained by AFM-IR is 19.9 wt%, which equals that of EsP
fraction in IPC-4 determined by 13C-NMR in conjunction with
TREF (19.9 wt%) and much higher than that of EbP (8.6 wt%),
indicating that the core must be composed of EsP exclusively.
While  in Table  2,  we  notice  that  there  is  an  appreciable
amount  of  EbP  (2.63  wt%,  slightly  more  than  that  of  EsP)  in

 

1500 1450 1400 1350 1300
In

te
n

si
ty

 (
a

.u
.)

Wavenumber (cm
−1

)(μm)

Wavenumber (cm
−1

)

Wavenumber (cm
−1

)

Wavenumber (cm
−1

)

Core Matrix Rubber

Core Matrix Rubber

Core Matrix Rubber

Core Matrix Rubber

1500 1450 1400 1350 1300

In
te

n
si

ty
 (

a
.u

.)

1500 1450 1400 1350 1300

In
te

n
si

ty
 (

a
.u

.)

1500 1450 1400 1350 1300

In
te

n
si

ty
 (

a
.u

.)

a

b

c

d

0 2.5 5.0

(μm)
0 2.5 5.0

(μm)
0 2.5 5.0

(μm)
0 1.5 3.0

 
Fig.  5    AFM  image  of  a  typical  core-shell  rubber  particle  and
corresponding AFM-IR  spectra  acquired at  the  marked locations  in
matrix,  rubber and core phases,  respectively for (a)  IPC-1,  (b)  IPC-2,
(c) IPC-3 and (d) IPC-4.

 

Table  4    Ethylene  contents  of  different  phases  in  IPCs  analyzed  by
AFM-IR (wt%).
 

Phase Matrix Intermediate Core

IPC-1 0.7±6.5 45.7±8.7 31.0±10.2
IPC-2 0.6±6.2 41.1±10.9 26.8±8.9
IPC-3 –0.2±4.2 34.4±10.5 17.4±5.4
IPC-4 –0.1±5.2 33.0±11.9 19.9±9.3
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this alloy. Since EbP has been largely excluded from the core,
it  is  logical  to  conclude  that  this  fraction  must  have  formed
the outer shell of the multilayered particle. This outer shell is
not observed for IPC-3, and this difference in phase structure
between the two IPCs is  likely due to the different sequence
length  and  composition  of  the  ethylene-propylene  block
copolymers.[40] It  can  be  seen  in Table  2 that  the  ethylene
units  in  EbP  chains  in  IPC-3  are  present  in  very  long  se-
quences (nE=112.0), which can readily crystallize into PE crys-
tallites, as revealed by DSC (Fig. 2b), promoting phase separa-
tion of the EbP from PP matrix and the rubber phase to form
the core phase. In contrast,  the EbP chains in IPC-4 comprise
short  E  blocks  (nE=7.5)  that  do not  crystallize  and medium P
blocks (nP=51.7), and are expected to have good compatibili-
ty with both EPR phase and PP matrix. In other words, the EbP
chains  prefer  to  form  the  interphase  layer  between  the  PP
matrix and the EPR rubber phase, which can help improve the
stability of the particle structure.[23] The combination of the in
situ phase composition data by AFM-IR with the chain struc-
ture  information  obtained  by  TREF  and 13C-NMR  thus  pro-
vides evidence in support of the presence of an outer shell in
the  multilayered  rubber  particle  as  described  by  the  widely
accepted  model.[19] Fig.  6(b)  depicts  this  particle  structure
schematically.  Furthermore,  it  can be seen from Table  2 that
EPRs in IPC-3 and IPC-4 are similar not only in their content in
the alloy (12.7 wt% versus 11.0 wt%), but also in chain struc-
ture  and  composition  as  indicated  by  the  ethylene  content
and the average E and P segment lengths, yet we see in Table
3 that the rubber particles in IPC-4 (0.31 μm) are much small-
er  than that  in  IPC-3 (0.48 μm).  This  size difference observed
can  be  attributed  to  the  presence  of  the  EbP  outer  shell  in
IPC-4, which reduces the interfacial tension between the EPR
droplets and the PP matrix, leading to smaller dispersed parti-
cles in this alloy.[19,20,23]

By now, we have determined the crystallization, morpholo-
gy  and  distribution  of  the  different  copolymer  fractions  for
the four IPCs, and are in a position to clarify the effects of the
block  copolymers  on  the  structure  and  properties  of  the  al-
loys. The two alloys in the first group, IPC-1 and IPC-2, are sim-
ilar  in  terms  of  chain  structure  for  each  copolymer  fraction,
which results in similar morphological structure of the two. In
particular,  their  EbP  chains  comprise  long  E  segments  and
long  P  segments,  and  the  former  tend  to  crystallize  into  PE
crystals,  driving  this  fraction  to  phase  separate  with  the  ma-
trix  and  the  rubber  and  into  the  core  phase;  meanwhile  the
latter  promote  affinity  between  EbP  and  PP  matrix,  which
may be why the cores are often not well  separated from the
matrix, as can be observed in Figs. 5(a) and 5(b). With similar
morphology,  IPC-1  exhibits  better  toughness  than  IPC-2  and
comparable  modulus  due  to  its  higher  EPR  content  and
slightly  higher  molecular  weight.  In  the second group,  while
IPC-3 has similar chain characteristics and hence morphologi-
cal  structure  as  the  two  alloys  in  the  first  group,  IPC-4  con-
tains  very  different  EbP  chains,  with  relatively  long  P  blocks
but short E segments that are not crystallizable, making them
compatible  with  both  the  PP  matrix  and  the  rubber  phase.
Therefore,  the  EbP  fraction  in  IPC-4  tends  to  form  an  outer
shell  for  the  rubber  particles,  which  reduces  the  interfacial
tension  between  the  rubber  and  the  PP  matrix,  leading  to

smaller dispersed particles and more effective toughening of
the  PP  matrix.[23] As  a  result  of  this  superior  morphological
structure,  IPC-4  achieves  better  toughness  than  IPC-3  with  a
lower  rubber  content,  which  in  turn  benefits  the  stiffness  of
the alloy at the same time, killing two birds with one stone.

CONCLUSIONS

For  IPC,  the  microscopic  chain  structure  and  composition  are
the  material  basis  for  forming  its  multilevel  phase  structure,
which  in  turn  governs  the  mechanical  properties  of  the  com-
plex  alloy.  Quantitation  of  the  phase  compositions in  situ by
AFM-IR  in  conjunction  with  the  chain  structure  and  composi-
tion information obtained ex situ by TREF and NMR has enabled
identification  of  the  distribution  of  the  copolymer  fractions  in
the  different  phases.  By  using  this  approach,  we  have  investi-
gated four IPCs in order to reveal the crucial effects of the struc-
ture of EbP on the morphology and properties of the alloy. IPC-1
and IPC-2 are similar in chain structure for each copolymer com-
ponent,  which  leads  to  similar  morphological  structure.  More
specifically,  the  EbP  chains  contain  long  E  blocks  that  readily
crystallize,  which  drives  the  copolymer  to  phase  separate  with
the  rubber  phase  and  the  PP  matrix,  forming  the  core  phase
with  the  EsP.  With  this  similar  morphology,  a  higher  EPR  con-
tent  in  IPC-1 and slightly  higher  molecular  weight  results  in  its
better  toughness than IPC-2 and comparable modulus.  On the
other hand, IPC-3 and IPC-4 are vastly different in EbP structure
and alike otherwise. While IPC-3 has similar chain characteristics
and  hence  morphological  structure  as  the  previous  two,  EbP
chains in IPC-4 comprise relatively long P blocks but short E seg-
ments  that  are  not  crystallizable,  making the  fraction compati-
ble with both the PP matrix and the rubber phase. Consequent-
ly,  EbP  in  IPC-4  forms  an  outer  shell  for  the  rubber  particles,
which  reduces  the  interfacial  tension  between  the  rubber  and
the PP matrix, leading to smaller dispersed particles. This superi-
or morphological structure enables toughening PP with less EPR
to achieve both better toughness and a higher modulus at the
same time. The findings clarify the critical role EbP plays in IPC,
and  provide  guidance  for  the  design  and  production  of  this
commercially important material with better properties.
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