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ABSTRACT: 50/50 wt % blends of isotactic polypropene (i-PP) with metallocene-based random poly-
(ethene-co-1-butene) (PEB) were prepared with 1-butene content varied from 52 to 100 wt %. The melt
miscibility of the i-PP/PEB blends as a function of 1-butene content was studied by investigating the
morphologies of the blends in the solid state by phase-imaging tapping mode atomic force microscopy
(AFM) and transmission electron microscopy (TEM). It was found that i-PP is melt miscible with PEB
for 1-butene contents of ≈88 wt % (miscibility window). Differential scanning calorimetry (DSC) analysis
showed a slower and hindered i-PP crystallization in the miscible or partially miscible blends. Intensive
investigations on the apparently one-phase blend were performed by optical microscopy, small-angle X-ray
scattering and dynamic mechanical analysis.

Introduction

Blending isotactic polypropene (i-PP) with elastomeric
ethene/1-olefin copolymers, e.g., ethene/propene or ethene/
propene/diene, is known to improve the impact resis-
tance of i-PP.1 The key requirement for toughness
enhancement is adequate compatibility between polypro-
pene and ethene copolymer. Miscibility leads to highly
flexible polypropene blends, while compatible two-phase
blends can exhibit an attractive combination of stiffness
and toughness. The compatibility or miscibility of an
elastomeric olefin copolymer with i-PP depends strongly
upon the molecular microstructure, such as monomer
structure, chain stiffness, and energetic asymmetries.2-8

Novel families of single-site metallocene-based Ziegler-
Natta catalysts produce very uniform copolymers and
give excellent control of copolymer molecular and su-
permolecular architectures. Characteristic features of
metallocene-based copolymers are narrow molecular
weight distribution (Mw/Mn ) 2) and uniform comono-
mer incorporation covering the entire feasible composi-
tion range. Moreover, comonomer incorporation does
not adversely affect high molecular weight. The con-
ventional Ziegler-Natta catalysts give rather complex
product mixtures containing homopolymers, high mo-
lecular weight copolymers with low comonomer content,
and waxlike copolymers with high comonomer content.
Therefore, metallocene catalysts produce excellent ethene/
1-olefin model copolymers, e.g. poly(ethene-co-1-pro-
pene), 1-butene, 1-hexene, 1-octene, and long-chain
1-olefins, e.g. 1-hexadecene. In this study we used poly-
(ethene-co-1-butene) (PEB)/i-PP as a model system to
investigate its miscibility behavior and elucidate the
influence of PEB molecular architectures on phase
separation and morphology development. In contrast
to ethene/1-propene copolymers, ethene/1-butene co-
polymers exhibit lower glass transition temperatures
and improved compatibility with i-PP.

Prior to the development of modern metallocene
catalysts, ethene/1-butene copolymers were first syn-
thesized by hydrogenation of polybutadiene containing
different proportions of 1,4- and 1,2-units. Polybuta-
dienes were available via anionic polymerization. Such

hydrogenated products are referred to as poly(ethylene-
co-ethylethylene) (PEE) in the literature.9 They repre-
sent model random copolymers containing 1-butene rich
atactic sequences. Modern metallocene catalysts copo-
lymerize ethene with 1-butene over the entire feasible
composition range from 100% ethene to 100% 1-butene.
Depending on the structure of the metallocenes, the
resulting copolymers can be atactic or stereoregular.10

Here, PEB was prepared by using an isospecific met-
allocene catalyst.

Recently it has been reported that 1-butene rich PEE
should be “miscible” with i-PP.11 Small angle neutron
scattering measurements showed a miscibility window
of i-PP with PEE for PEE containing 73-90 wt %
1-butene. It should be noted, however, that the misci-
bility may be affected by the 1-butene sequences of PEE
and PEB as well as by different stereoregularities. Such
influences of stereoregularity on miscibility are well-
known for stereoisomer blends. For example, i-PP is
not miscible with syndiotactic PP in the melt.12 A
compatibility study of i-PP with poly(ethene-co-1-olefin)
showed, that PEB with 56 and 62 mol % 1-butene
content exhibited a better compatibility with i-PP in
mechanically mixed melt blends than PEB with a
smaller 1-butene content.13 These blends exhibited
“fairly homogeneous” morphologies, as determined by
transmission electron microscopy (TEM), and a single
glass transition temperature (Tg), as determined by
dynamic-mechanical analysis (DMA).13 It is important
to note that a commercial grade i-PP with 3.2 wt %
ethene incorporation was used in this study instead of
a homopolymer i-PP.13 Homopolymer i-PP should show
a different behavior, however, because comonomer
incorporation affects sensitively the miscible window.
Blends of i-PP with PEB containing more than 62 mol
% 1-butene have not been investigated in this study.
Cham et al. investigated the miscibility of i-PP with
isotactic poly(1-butene) (i-P1B) showing that i-PP is
partially miscible with i-P1B.14 To our knowledge, the
morphologies of blends of i-PP with metallocene-based
PEB covering the entire 1-butene content between 50
and 100 wt % have not been studied systematically yet.
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In the present work we examine the melt miscibility
of i-PP with metallocene-based PEB as a function of the
1-butene content. The room-temperature morphologies
of the 50/50 wt % i-PP/PEB blends were studied by
tapping mode atomic force microscopy (AFM), TEM, and
optical microscopy. The lamellar crystal morphology in
the apparently melt one-phase blends was analyzed
using small-angle X-ray scattering (SAXS) in combina-
tion with AFM.

Experimental Section

Materials and Blend Preparation. The i-PP used in this
study was obtained from BASF AG. It has a number molec-
ular weight Mn ) 87.1 × 103 Mw/Mn ) 2.95, and a melt
temperature Tm ) 166 °C. PEB with various 1-butene
contents was synthesized using methylaluminoxane-activated
metallocene rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2 (MBI) catalysts,
as described previously.31 Table 1 summarizes some important
chemical and physical properties of the PEB and i-P1B used
in this study. Blends of i-PP with PEB52, PEB70, PEB82,
PEB88, and i-P1B were prepared. The number associated
with PEB indicates the weight percent content of 1-butene,
which was varied from 52, 70, 82, 88, to 100 wt %.

i-PP/PEB blends of composition 50/50 wt % were prepared
by mixing both components in a solution of xylene at 180 °C.
The transparent hot solution was precipitated into cold
acetone, filtered, and then dried in air for more than two
weeks. The solvent free blends were then heated to 180 °C
and annealed under vacuum for 5 h. From all the blends
prepared in the melt only the i-PP/PEB88 blend was transpar-
ent and homogeneous. For AFM and TEM measurement the
samples were annealed in the melt and then cooled from 180
°C down to room temperature using a cooling rate of 10 K
min-1.

Atomic Force Microscopy. AFM experiments were per-
formed with a Nanoscope III scanning probe microscope. The
height and phase images were obtained simultaneously while
the instrument was operated in the tapping mode under
ambient conditions. We used commercial Si cantilevers with
force constants of 13-70 N/m. Images were taken at the
fundamental resonance frequency of the Si cantilevers, which
was typically around 300 kHz. Typical scan speeds during
recording were 0.3-1 line/s using scan heads with a maximum
range of 170 × 170 µm or 16 × 16 µm. All images were taken
with a driving amplitude A0 ≈ 60 nm and a set-point amplitude
A0 ≈ 40-48 nm. The phase images represent the variations
of relative phase shifts (i.e., the phase angle of the interacting
cantilever relative to the phase angle of the freely oscillating
cantilever at the resonance frequency). For AFM measure-
ments the blends were annealed at 180 °C for 5 h and then
cooled to room temperature at a rate of 10 °C min-1. The flat
surfaces that were examined were obtained by cutting the
sample with a Diatome diamond knife at ≈-45 °C using an
ultramicrotome (Ultracut E, Reichert & Jung) equipped with
a cryochamber.

Transmission Electron Microscopy (TEM). The TEM
measurements were carried out with a Zeiss CEM 902

transmission electron microscope applying an acceleration
voltage of 80 keV. The specimens were prepared using an
ultramicrotome (Ultracut E, Reichert & Jung) equipped with
a cryochamber. Thin sections of about 100 nm were cut with
a Diatome diamond knife at -40 °C. The samples were
stained with RuO4.

Light Microscopy. The optical micrographs were taken
with an Olympus-Vanox AH2 microscope with crossed polar-
izators. Samples for the light microscopy were prepared by
melting the precipitated and dried material between two cover
glass plates. The layer thickness between the glass plates was
about 20-50 µm. The samples were annealed at 180 °C for 5
h and then quenched to crystallization temperature at 150 °C.

Wide-Angle X-ray Scattering (WAXS). For WAXS mea-
surements the samples were prepared as described above.
After the thermal treatment the samples were cooled from 180
°C to room temperature with a cooling rate of 0.2 °C/min. The
WAXS experiments were carried out with a Siemens D500
apparatus. For all measurements the Cu KR radiation with
a wavelength λ ) 0.154 nm was used.

Small-Angle X-ray Scattering (SAXS). For SAXS mea-
surements the samples were isothermally crystallized from the
melt at 130 °C for 2 h for i-PP and for 24 h for the i-PP/PEB88
blend under vacuum. The SAXS measurements were per-
formed in an evacuated Kratky compact camera (Anton Paar
K. G.) with an 80 µm entrance slit. Cu KR radiation with a
wavelength of λ ) 0.154 nm was used. The scattered intensity
(I) was recorded with a scintillation counter in a step-scanning
mode at 130 °C.

Dynamic Mechanical Analysis (DMA). The DMA mea-
surements were carried out with a Rheometrics RSA II solid
analyzer. The heating rate was 3 °C min-1.

Differential Scanning Calorimetry (DSC). DSC mea-
surements were carried out with a Perkin-Elmer DSC 7
apparatus. The samples were cooled from the melt with a rate
of 10 °C min-1 and then heated to 180 °C with a heating rate
of 20 °C min-1.

Results and Discussion

First, the PEB samples with various 1-butene con-
tents were investigated by WAXS to obtain information
about their stereoregularity and crystallizability. Fig-
ure 1 shows the WAXS diagrams for PEBs with various
1-butene contents. The peaks at 2θ of 10.1, 17.5, 20.3,
and 20.6° were distinguished as typical reflections for
crystalline isotactic P1B, thus indicating that 1-butene
sequences in the 1-butene rich copolymers are isospe-
cific.15 As the 1-butene content is lowered, these peaks
become smaller and disappear finally, which indicates
that with decreasing 1-butene content, the crystalliz-
ability of the copolymer decreases rapidly (Figure 1).

The morphologies and the nanostructures of the blend
samples were primarily examined by AFM phase imag-
ing. Figures 2a-e show AFM phase images of blends
of i-PP with PEB52, PEB70, PEB82, PEB88, and i-P1B,
respectively. Before investigation, the samples were
annealed at 180 °C for 5 h (see Experimental Section)
to obtain information about their equilibrium melt
miscibility while analyzing the samples in the solid
state. To study the bulk morphology rather than the
surface morphology, the images were recorded on sur-
faces that were obtained by cutting the samples with
an ultramicrotome. The dark regions in the AFM phase
images can be assigned to the PEB rich phase and the
bright regions to the i-PP rich phase. This assignment
is based on the considerations given below (detailed
discussion of AFM phase image contrast formation is
not the purpose of the present work; however, the reason
for this assignment should be addressed in a few words).

Table 1. Some Chemical and Physical Properties of
Poly(1-butene) and Poly(ethene-co-1-butene)

sample

PEB52 PEB70 PEB82 PEB88 P1B

F [E] (wt %)a 48 30 18 12 0
F [B] (wt %)a 52 70 82 88 100
Mn

b 82 800 62 400 63 500 82 100 46 700
Mw/Mn

b 2.4 2.4 2.4 2.4 2.8
Tm (°C)c 97.7
Tg (°C)d -57.9 -45.5 -41.4 -39.5 -15.2

a Determined by 13C-NMR. b Determined by GPC using poly-
(ethene) standards. c Determined by DSC, heating rate 20 K/min.
d Determined by DMA.
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Phase imaging is a relatively new extension of tapping
mode AFM. In tapping mode AFM the cantilever
oscillates vertically near its resonance frequency, so that
the tip makes contact with the sample surface only
briefly in each cycle of oscillation. The short, intermit-
tent tip-sample contact avoids lateral forces during
scanning and prevents sample damage. As the tip is
brought close to the sample surface, the vibrational
characteristics (i.e., the force constant, resonance fre-
quency, phase angle, and amplitude) of the cantilever
change due to the tip-sample interaction. Phase detec-
tion allows one to detect shifts in phase angles of
vibration when the oscillating cantilever interacts with
the sample surface.16 Phase imaging (i.e., image con-
trast related to the phase shifts) has been shown to
provide enhanced image contrasts, especially for het-
erogeneous surfaces.17-21 The contrasts of tapping mode
AFM height and phase images depend in a complex way
on the driving amplitude A0 and the set-point ratio rsp
) Asp/A0 of the cantilever.19,21-27 For large A0, moderate
and small rsp, the tip-sample interaction becomes
repulsive so that the phase image contrast is related to
the variation of the local surface stiffness on the sample
surface. In this case, a larger stiffness leads to a more
positive phase shift and thus to a brighter contrast in
the phase image. However, when A0 is small and the
sample is very soft, the tip-sample interaction can be
dominated by attractive forces. In this case, adhesion
and capillary forces lead to a negative phase shift.
Furthermore, for soft samples the contribution of vis-
cous damping has to be considered. Especially when
A0 is small, the contact time of the tip interacting with
the sample becomes larger. As a result, the cantilever’s
vibrational characteristics may be strongly affected by
the viscous damping. Consequently, the phase image
contrast may be reversed for small A0. The images
presented here were all recorded at moderate ampli-

tudes A0 ≈ 60 nm and typical set-point amplitudes Asp
≈ 40-48 nm. The conditions under which the images
were taken led to an average most positive phase shift
in the bright regions, which can be thus assigned to
i-PP. Since the PEB component is by far more compli-
ant, we assign the regions with the most negative phase
shift to the PEB component, corresponding to the image
regions with dark contrast.

Figure 2a shows the AFM phase image of i-PP/PEB52.
Large, irregular domains of bright and dark contrast
can be distinguished. According to the discussion above,
the areas of bright contrast can be assigned to the i-PP
rich phase and the areas of dark contrast to the PEB
rich phase. The size of the irregularly formed i-PP
domains is up to several tens of micrometers in diam-
eter. Figure 2b shows the AFM phase image of i-PP/
PEB70. Direct comparison of the AFM images dis-
played in Figure 2a,b reveals that the domain size
decreases significantly as the amount of 1-butene
content is increased from 52 to 70 wt %. The size of
the PEB rich domains does not exceed 2 µm in diameter
and can be as small as 200 nm in diameter (Figure 2b).
Figure 2c shows the AFM phase image of i-PP/PEB82.
Clearly, the further increased 1-butene content results
in a further decrease of the size of the PEB rich domains
of dark contrast embedded in the i-PP matrix of bright
contrast. The size of these PEB rich domains in Figure
2c is typically in the range of ≈200 nm. As the 1-butene
content of the PEB component is further increased to
88 wt %, no phase separation of the i-PP and PEB
phases can be observed. This is demonstrated in Figure
2d, which shows the AFM image of i-PP/PEB88. The
small structures observed in this image are practically
indistinguishable from structures that might be induced
by the knife used to obtain the flat surfaces (see
discussion below). Finally, Figure 2e shows the AFM
image of i-PP/i-P1B. Two phases can be distinguished,
both showing a crystalline structure. The crystalline
structures of these two separate phases show differences
that can be the result of differences in their crystalline
morphologies. The component showing the coarse grain
structure can be most likely assigned to the i-PP rich
phase due to its similarity to i-PP rich phases found in
other i-PP blends. It should be noted that AFM phase
imaging is very sensitive to differences in polymer
stiffness and crystallinity. As shown in Figure 1, the
crystallinity of PEB decreases rapidly when the 1-butene
content is decreased. i-P1B exhibits a crystallinity
comparable to i-PP (about 60%) and, consequently, the
phase images of the i-PP/i-P1B blends show only weak
contrast (Figure 2e). PEB88, however, exhibits much
lower crystallinity (about 33%) compared to i-PP and
i-P1B. Consequently, the phase image contrast between
the i-PP rich and the PEB88 rich regions should be large
and easy to detect. Thus, the AFM image shown in
Figure 2d demonstrates that the i-PP/PEB88 blend
apparently exhibits no phase separation.

The same blend samples were also studied by TEM,
which is the conventional method to study polymer
morphologies with high magnification. The TEM im-
ages revealed essentially identical morphologies as the
AFM phase images. As a representative example,
Figure 3 shows the TEM image obtained for the i-PP/
PEB82 sample. The TEM image reveals the same
phase-separated morphology as the AFM phase image
(Figure 2c). The regions of dark contrast can be
assigned to the PEB82 rich phase (as a result of staining

Figure 1. WAXS diagrams of PEBs with different 1-butene
contents. The numbers associated with the PEB inscription
indicate the weight percent content of 1-butene.
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with RuO4) and the regions of bright contrast to the i-PP
rich phase. At higher magnification a very defuse
interface of about 100 nm width between the PEB82 rich
regions and the i-PP rich regions is observed (Figure
3b). This can be assigned to the relatively wide con-
centration gradient of i-PP and PEB82 at the interface,
which may occur during i-PP crystallization in the i-PP
rich phase upon cooling. It should be noted that the
width of the interface region (100 nm) is relatively large
compared to the i-PP lamellae thickness (≈25 nm),
which can be distinguished in the TEM image. There-

fore, it is very likely that the diffuse interface is caused
by a relatively wide concentration gradient of i-PP and
PEB82 at the interface and is not a limitation of the
ability to resolve structures when using RuO4 is used
as staining agent.

It is an important observation that TEM images are
essentially identical with the AFM phase images, both
using the same sectioning procedure. It should be
noted, however, that TEM requires very thin sample
sections of uniform thickness. For AFM studies the flat
surfaces obtained by microtomy can be used, and

Figure 2. AFM phase images of i-PP/PEB blends: (a) i-PP/PEB52, (b) i-PP/PEB70; (c) i-PP/PEB82; (d) i-PP/PEB88; (e) i-PP/i-
P1B. The contrast covers phase angle variations in the 120° range in (a), in the 180° range in (b)-(d), and in the 45° range in (e).
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variations of sample thickness are not relevant, making
sample preparation rather easy compared to TEM.
Thus, the material-related contrast as observed in
Figure 2 demonstrates that AFM phase imaging pro-
vides an interesting and powerful alternative to TEM
for morphology studies of polymers.

The AFM images displayed so far were recorded on
surfaces that were obtained by cutting the blends using
a diamond knife. As mentioned above, this preparation
procedure results in small structures and some rough-
ness on the surface. Such structures are affected by
several parameters such as the material, knife quality,
and cutting temperature. In the case of the i-PP/PEB
blends under investigation it was impossible to obtain
completely smooth surfaces down to the nanometer
scale. The structures induced by the cutting procedure
showed typical dimension of 50-200 nm. From this it
can be concluded that for these samples the morphol-
ogies with dimensions larger than the structures in-
duced by the knife can be observed by AFM without
further sample treatment. However, it is much more
difficult to observe the nanoscale morphology and nano-
structures of the i-PP/PEB88 sample because high-
resolution images of features smaller than 300 nm are
disturbed by structures induced by the knife.

To overcome this difficulty and to make an investiga-
tion of the nanostructures possible, the surface of the
i-PP/PEB88 sample was treated by the following pro-
cedure. The sample was melted again at 180 °C for 20
min with the sample surface (as obtained by cutting)
facing a cover glass. The sample was then crystallized
at 130 °C for 24 h and subsequently quenched to room
temperature. Finally, the sample was peeled from the
cover glass and the film-glass interface was investi-
gated by AFM. i-PP crystallizes at 130 °C while the
low crystalline PEB88 melts around ≈60 °C. Thus, the
crystalline morphology and structures resulting from
this treatment should correspond to the i-PP component.
For comparison, samples of pure i-PP were prepared
using the same procedure and the resulting structures
were examined by AFM.

Figure 4a and 4b show the AFM phase images of an
i-PP/PEB88 sample surface that was treated as de-
scribed above. The images exhibit lamellae and lamel-
lae bundles that can be assigned to i-PP because of the
much lower crystallinity of PEB88. The i-PP lamellar
dimensions (long period) in the blend are typically in

the range of 30-50 nm. For comparison Figure 4c
shows the AFM phase image of a sample consisting of
i-PP only, which was treated in an identical manner.
The image shows a lamellar structure with interlamel-
lar dimensions (long period) around 24 nm, which is
similar to the results obtained by SAXS measurements
for i-PP (see below). From the direct comparison of
Figure 4b,c the difference in structure is evident. The
lamellae and lamellae bundles are obviously separated
by regions of amorphous material (Figure 4b). This
separation is typically in the range 100-250 nm. It
should be noted that the i-PP/PEB88 blend was an-
nealed at 180 °C for 5 h without any observation of
phase separation. Thus, it is very likely that the i-PP/
PEB88 blend forms a single homogeneous phase in the
melt. Upon cooling, i-PP crystallizes from the melt,
growing as lamellae and tightly packed lamellae bundles.
Consequently, we believe that the crystalline morphol-
ogy observed in Figure 4a,b is the result of the growing
process of one homogeneous single phase in the melt.
Hence, 50/50 wt % i-PP/PEB88 blends are apparently
miscible in the melt.

Parts a and b of Figure 5 show the optical micro-
graphs of 50/50 wt % i-PP/PEB88 blend and i-PP,
respectively, after annealing at 180 °C for 5 h under
vacuum and crystallization at 150 °C. For i-PP/PEB88
the observed crystalline spherulites are much larger
than for i-PP. This can be explained by the slower
nucleation and crystal growing rate observed for i-PP/
PEB88 (the time needed for complete crystallization was
20 h for i-PP/PEB88 and 10 h for i-PP). Similar
evidence was found for other miscible i-PP blend sys-
tems.28 The slow nucleation and crystal growing rate,
and the uniform growth of i-PP spherulites in the blend
support also the conclusion that PEB88 and i-PP are
miscible in the melt.

According to investigations by Cham et al.,14 i-PP and
i-P1B should be partially miscible. The morphology and
structure displayed in Figure 2e, however, makes it
difficult to decide whether i-PP is incorporated in both
phases. To explore this problem in more detail, the
same sample (Figure 2e) was further treated as follows
to remove the i-P1B phase from the surface. The sample
was melted again at 180 °C for a few minutes with the
sample surface (as obtained by cutting) facing a cover
glass. The sample was then crystallized at a temper-
ature of 155 °C under vacuum for 3 days, cooled to room

Figure 3. TEM images of the i-PP/PEB82 blend at two different magnifications.
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temperature, and peeled from the glass surface. Then,
the sample was annealed again at 155 °C for 4 h under
vacuum; however, the previous sample-glass interface
being this time at the vacuum interface. As a result of
this procedure the i-P1B component melts and flows
down from the sample surface, whereas the i-PP crystal
remains almost unchanged at the surface (the crystal-
lization at 155 °C for 3 days is sufficiently long for a
complete crystallization such that melting of i-PP will

not occur when the sample is again heated to this
temperature). Using a reflection optical microscope, two
surface regions exhibiting two different crystalline
morphologies were identified. One surface region is
characterized by tightly grown spherulites with sharp,
clearly distinguishable borders between the spherulites,
the other surface region exhibits a coarse texture
without well-defined borders between the spherulites.
Parts a and b of Figure 6 show AFM height images that

Figure 4. AFM phase images of the i-PP/PEB88 blend. (c) AFM phase image of i-PP. The contrast covers phase angle variations
in the 140° range in (a) and in the 180° range in (b) and (c).

Figure 5. (a) Polarized optical micrograph of the i-PP/PEB88 blend. (b) Polarized optical micrograph of i-PP.
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were taken on these two different surface regions,
respectively. From the morphology observed in Figures
6a,b it is obvious that i-PP is incorporated in both
phases of the i-PP/i-P1B blend.

On the basis of the above findings, we conclude that
among the PEBs studied here only PEB88 is fully
miscible with i-PP. In contrast, PEB containing less
than 88 wt % 1-butene was found to be partially miscible
or immiscible with i-PP, depending on the 1-butene
content. i-P1B (i.e., 100 wt % contents of 1-butene) was
found to be partially miscible with i-PP. This is in
agreement with the observations by Cham et al.14

Therefore, we estimate the miscibility window for PEB
in i-PP/PEB blends around 88 wt % 1-butene content.

The crystalline bulk morphology of the i-PP/PEB88
blend was further investigated by SAXS measurements.
The SAXS data were taken at a temperature of 130 °C.
At this temperature i-PP crystallizes but PEB88 does
not. SAXS measurements were also performed for i-PP
samples to compare the crystalline structure of the i-PP/
PEB88 blend with that of i-PP. Figure 7 shows the
obtained SAXS data which display I(q)s2 versus s, where
I(q) is the intensity function, q ) (4π/λ) sin θ and s )

(2/λ) sin θ, where θ is the scattering angle. From the
obtained i-PP data only I(q)/2 was used for comparison
with the i-PP/PEB88 data because the i-PP/PEB88
blend contains 50 wt % i-PP. The maxima in the SAXS
diagrams (marked by arrows) can be assigned to the
average size of the lamellae and amorphous regions, i.e.,
interlamellar distances. As can be seen in Figure 7, the
SAXS diagram of i-PP shows a sharp and symmetric
peak around s ≈0.050 nm-1, which corresponds to a long
period d ≈20 nm. The SAXS data of i-PP/PEB88,
however, display a much broader and smaller peak
around s ≈0.045 nm-1, which corresponds to a long
period of 21.3 nm. Moreover, the SAXS diagram of i-PP/
PEB88 shows a plateau located at the left side of the
maximum. This plateau can be assigned to a long
period having a broad distribution in the range of 30-
50 nm, which is in agreement with the AFM measure-
ments.

The SAXS measurements of i-PP/PEB88 give us some
insight into the crystalline morphology of the i-PP/
PEB88 blend. From the SAXS data it can be concluded
that most of the lamellae are packed into compact
bundles having an interlamellar distance of 21.3 nm,
which is close to the interlamellar distance found for
pure i-PP. However, some lamellae are obviously
packed loosely, exhibiting a broad distribution of inter-
lamellar distances in the range 30-50 nm. Thus, a
considerable amount of PEB88 must reside in the region
between the lamellae. Since the i-PP/PEB88 blend
contains 50 wt % of PEB88, it is obvious that not all
PEB88 can be located in the region between the lamel-
lae. Therefore, we conclude that a large amount of
PEB88 forms pockets between lamellae bundles, as
described for other melt miscible blends.29,30 AFM
measurements have shown that the size of this pocket
is around 100 nm, which could not be detected by SAXS
measurements. The maximum in the SAXS diagram
of the blend indicates that much more compact lamellar
bundles are present in the bulk than at the sample-
glass interface investigated by AFM.

The difference between the observed lamellar com-
pactness in bulk and at the sample-glass interface can
be explained by the different mobilities of the two
polymers species during the crystal growth. It is known
that the exclusion of noncrystalline polymer from the
interlamellar region in a melt miscible crystallizable/
noncrystallizable polymer blend is strongly affected by

Figure 6. AFM height images of the i-PP/i-P1B blend obtained on the two surface regions that can be distinguished in Figure
2e. The contrast covers height variations in the 2 µm range in (a) and (b).

Figure 7. SAXS spectra of the i-PP/PEB88 blend (solid line)
and i-PP (dotted line).
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the mobility of noncrystalline polymer during crystal-
lization. Larger mobility of a polymer leads to a larger
and easier exclusion of the amorphous polymer during
crystal growth, which results in more compact lamellae.
Because of geometrical limits the polymer mobility at
the glass interface is evidently smaller than that in the
bulk, which could explain the more compact lamellae
bundles in the bulk compared to the sample-glass
interface.

Figure 8 shows the DMA data obtained for the i-PP/
PEB88 blend and for the blend components (i.e., PEB88
and i-PP). The temperature dependence of tan δ for the
i-PP/PEB88 blend, PEB88, and i-PP shows that tan δ
has a peak at 5 °C for i-PP, at -39 °C for PEB88, and
a single peak at -23 °C for i-PP/PEB88. Although the
loss tangent tan δ shows a shoulder on the right side of
the i-PP/PEB88 peak, one can use the Fox equation to
exclude that this asymmetric peak is the result of two
overlapping peaks. According to the Fox equation the
glass transition temperature Tg for a miscible blend is
given by

where Tg1, Tg2, w1, and w2 are the glass transition
temperatures and mass fractions of components 1 and
2, respectively. Taking into account the crystallinity of
i-PP (≈60%) and PEB (≈33%), the calculated glass
transition temperature according to the Fox equation
should be ≈-25 °C, which is very close to our experi-
mental value. The observation of the shoulder on the
right side of the peak can be the effect of i-PP crystal-
lization from the melt and due to the formation of a
pocket structure as discussed above (see discussion of
SAXS data above). The observation of a single glass
transition temperature and its strong shift for i-PP/
PEB88 provides additional experimental evidence that
i-PP is fully miscible with PEB88 in the melt.

Figure 9 shows the DSC diagrams recorded for all of
the blends investigated in this study (some transitions
at lower temperatures, most likely corresponding to

melting of i-PP in the PEB rich phase or from melting
of crystallizable PEB, are not included). The samples
were cooled from +180 to -100 °C with a cooling rate
of 10 °C‚min-1 before taking the DSC heating curves
(representative cooling curves for i-PP and i-PP/PEB88
are shown as insets in Figure 9). Figure 9 shows that
the melting temperature is considerably reduced for the
miscible and partially miscible blends. Since the equi-
librium melting point for these miscible or partially
miscible blends would not be expected to decrease
significantly, the observed decrease of the melting point
in Figure 9 should be the result of nonequilibrium
melting of i-PP. As shown in Figure 5 and in the inset
of Figure 9 slower nucleation and crystallization were
observed for the miscible blend because of the incorpo-
ration of PEB. Thus, one can suspect that the origin of
higher melting temperature for the i-PP/PEB52 blend
is faster nucleation and crystallization of i-PP with very
small incorporation of PEB52.

Conclusions

This study demonstrates that AFM phase imaging is
a powerful tool for examination of morphology, nano-
structure, and phase separation of polymer blends with
excellent material related image contrast. The mor-
phology observed in AFM phase images is in agreement
with the findings observed in TEM studies, where the
same microtomy procedure could be used for AFM well
as for TEM, whereas for AFM no ultrathin sections and
staining are needed.

The morphology of the 50/50 wt % i-PP/PEB blends
depends strongly on the 1-butene content in PEB.
When the 1-butene content in PEB was varied between
52 and 100 wt %, miscibility in the melt was found only
for the i-PP/PEB blend with 88 wt % 1-butene content
in PEB. SAXS data for the one-phase blend show a
larger interlamellar distance than for i-PP and a pocket
structure. The blends of i-PP with PEB82 and P1B
showed partial miscibility. The miscibility window for

Figure 8. Variation of the loss tangent (tan δ) as a function
of temperature for the i-PP/PEB88 blend and the blend
components, PEB88 and i-PP. The arrows indicate the corre-
sponding glass transition temperature.

1
Tg

)
w1

Tg1
+

w2

Tg2

Figure 9. DSC curves obtained for i-PP and the i-PP/PEB
blends. The heating rate was 20 °C min-1. Prior to heating,
the samples were crystallized by cooling from +180 to -100
°C with a cooling rate of 10 °C min-1 (the cooling curves for
i-PP and i-PP/PEB88 are shown in the inset of Figure 9).

5448 Thomann et al. Macromolecules, Vol. 31, No. 16, 1998



i-PP/PEB was found to be smaller than that for i-PP/
PEE blends.11 The 1-butene content in PEB in the
miscible i-PP/PEB blend was found to be larger than
that reported by Yamaguchi et al. for i-PP with 3.2 wt
% ethene comonomer content. The reason for the good
miscibility of i-PP with PEB88 can be attributed to a
match of chain stiffness and solubility parameters. This
is in agreement with other experimental and theoretical
reports.2-8,11 The thermodynamics of i-PP/PEB blends
is being investigated using the above-mentioned model
polymers derived from metallocene catalysts.
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