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ABSTRACT: Neat thermoplastic polyurethane (TPU),
polypropylene (PP), and TPU/PP blends with different
weight ratios that were prepared in a twin-screw extruder
were investigated with differential scanning calorimetry
and light and scanning electron microscopy. The results
confirmed PP matrix to TPU matrix phase inversion in the
concentration region between 60/40 and 80/20 TPU/PP
blends. The total degree of crystallinity of the blends and
the crystallization temperature of PP decreased with

increasing TPU content. On the other hand, the addition
of elastomeric TPU to PP significantly increased the spher-
ulite size of PP. The TPU melt islands in the PP matrix
prolonged the crystallization of PP during solidification,
and this enhanced the growth of spherulites. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 117: 1378-1384, 2010
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INTRODUCTION

Thermoplastic polyurethanes (TPUs) are an impor-
tant class of elastomers used in many novel and spe-
cialized applications for which high mechanical and
chemical performances are prerequisites. They are
known for their good mechanical strengths, wear
and tear resistance, and low-temperature elasticity."?
TPUs are linear segmented copolymers composed of
microphase-separated hard and soft segments. The
hard-segment domains, consisting of a diisocyanate
extended with a short-chain diol or diamine, are dis-
tributed in the soft-segment matrix, which contains
either polyesters or poly(ether glycol)s. The hard
segments are held together by hydrogen bonds,
which form physical crosslinks. These physical
crosslinks are thermally labile at melting tempera-
tures. The blending of polymers has been the subject
of intensive research in both academic and industrial
laboratories. The main goals of blending are the
modification of the mechanical properties, the
improvement of the impact strength at low tempera-
tures and particularly the abrasion resistance, and,
last but not least, the improvement of processabil-
ity.’> Polymer blends are intimate mixtures of differ-
ent commercially available polymers with no cova-
lent bonds between individual component polymers
that are mostly immiscible.*” The properties of the
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resulting materials may be tailored to meet the
requirements of customers or the expectations of
specific new applications with a satisfactory balance
of a wide range of material properties and costs.®
The tailoring of the properties of the final polymer
blends, which are combinations of the useful proper-
ties of the components that are superior to the prop-
erties of the single polymers, can be achieved
through the control of the blend phase structure/
morphology in processing. It is well known that the
morphologies of uncompatibilized polymer blends
(the shape, size, and spatial distribution of the dis-
persed phase and the structure of the polymer ma-
trix) depend on the composition, component proper-
ties (viscosity, elasticity, and interfacial tension), and
preparation conditions.”

Polyolefins can be blended with TPUs to reduce the
TPU cost and improve the TPU thermal stability, me-
chanical properties, and processing performance.” On
the other hand, TPUs are blended with polyolefins to
improve the polyolefin properties. Polypropylene (PP)
belongs to the family of polyolefins; it is a vinyl poly-
mer with a hydrogen atom substituted by a methyl
group (—H,C—CRH—),,.. The idea of selecting PP as the
second component is mainly due to its ease of process-
ing, chemical resistance, high melting point (T,), which
provides high temperature stiffness, good rigidity, and
heat resistance, and relatively low cost ' PP as a dis-
persed phase in a TPU/PP blend can improve the
physical properties of the blend.

To complete investigations of the structure-prop-
erty relationships of TPU/PP blends, in this work,
the thermal and morphological behavior of pure
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TPU, pure PP, and their blends was studied as a
continuation of previous work dealing with their
mechanical and phase behavior."!

EXPERIMENTAL
Materials and preparation

The TPU used (Desmopan 300) was a commercial prod-
uct of Bayer (Leverkusen, Germany). It was a polyester-
type TPU with a number-average molecular weight of
106,951 g/mol and a hard segment formed by the addi-
tion of butanediol to diphenyl methane-4,4’-diisocya-
nate. Isotactic polypropylene (iPP; melt flow index = 12
g/10 min; Moplen HP 500N) was supplied by Basell.
Five compositions were prepared with TPU/PP weight
ratios of 80/20, 60/40, 50/50, 40/60, and 20/80.The
neat polymers (TPU and PP) and their blends (TPU /PP
blends) were prepared in a Haake Record 90 twin-
screw extruder. Mixing took place with a temperature
profile of 170, 170, 180, and 200°C and a screw speed of
60 rpm. Then, the specimens were compression-
molded in a hydraulic press at 220°C.

Differential scanning calorimetry (DSC)

DSC measurements were made on a DSC 2910 dif-
ferential scanning calorimeter (TA Instruments, New
Castle, DE) under a nitrogen atmosphere. Calibra-
tion was performed with pure indium. The samples
were heated from 25 to 200°C at a heating rate of
10°C, melted at 200°C for 10 min, and then cooled to
—100°C at a cooling rate of 10°C/min; this was fol-
lowed by reheating to 200°C for the second heating
run. The crystallization and melting parameters
were recorded from the cooling and reheating scans.

The crystallinity percentage (w;) of iPP and the
blends was calculated through a comparison of the
heat of fusion of the blend sample to the heat of
fusion of the completely crystalline polymer as an
external standard'*:

Wep = % x 100 (1)
PP

where Al is the enthalpy of fusion per gram of the
sample recalculated for the iPP mass and AhYp is the
enthalpy of fusion per gram of 100% crystalline iPP.
For AhS,, we used 165 J/g as the average heat of
fusion of the five data points.'?

The glass-transition temperature (T,) was taken as
the midpoint of the specific heat increment.

Scanning electron microscopy (SEM)

A JEOL JSM-5800 scanning electron microscope
(Tokyo, Japan) was used to study the morphology.

Samples were fractured in liquid nitrogen and cov-
ered with gold before being examined with the
microscope at an acceleration voltage of 10 kV. All
SEM micrographs were secondary electron images.

Optical microscopy

A Leica model DMLS light microscope (Wetzlar,
Germany) with a digital camera (Olympus) was
used for the observation of thin, crossed, micro-
tomed sections. Because of the anisotropic spherulite
forms that arose, the maximal anisotropic diameter
of the spherulites was measured with several polar-
ization micrographs of each sample and was quanti-
fied as the number-average spherulite diameter
(dspn) as follows:

2Z\Iidi,max

SN, )

dsph =

where N; is the number of measured spherulites
with maximal diameter d; 4.

RESULTS AND DISCUSSION
Thermal properties

DSC measurements were performed to characterize
the glass-transition, crystallization, and melting
behavior of the neat components and TPU/PP
blends. The DSC heating curve of the neat TPU
revealed two phase transitions; that is, T, of the soft
segment of TPU was observed at —41.1°C, and T, of
the hard-segment crystallites with a long-range
order was observed at 135.7°C. The DSC cooling
curve exhibited one exothermic peak at about 70°C
corresponding to the crystallization of TPU. Slight
melting and crystallization peaks indicated the low
degree of crystallinity of the neat TPU."*'* The DSC
heating curve of the neat PP exhibited a melting
endotherm (T,) at 162.2°C, whereas the DSC cooling
curve revealed an exothermic crystallization peak
[i.e., the crystallization temperature (T,)] at 118.4°C.
T, of the PP phase could not be determined by DSC
because PP usually exhibits a negligible glass transi-
tion at —10°C.

The miscibility between any two polymers in the
amorphous state can be discussed in terms of T,.
DSC scans of TPU/PP blends showed a single T,,
which was attributed to the glass transition of the
soft phase of the TPU. The soft-segment T, increased
slightly from —41.1°C for the neat TPU to higher
temperatures with increasing PP content (to —35.7°C
for the 20/80 TPU/PP blend), and this suggested
the presence of the PP phase dissolved in the soft
segments, which decreased the mobility of the soft
segments (Table I). A slight shift of T, of the TPU to
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TABLE I
Physical Properties of the Neat Components and TPU/PP Blends
TPU/PP T, trU Ty AH,, T, tpu AH, 1py T,pp AH_ pp We, PP
blend (wt %) ) O J/8) ) (/8 O (/8 (%)
100/0 —41.1 135.7 7.4 72.6 3.9 — — —
80/20 —40.8 157.9 344 71.5 32 111.3 249 20.8
60/40 —38.9 159.1 36.4 70.7 2.8 112.4 26.7 22.1
50/50 —40.2 159.2 48.0 70.1 1.9 112.0 41.1 29.1
40/60 —39.1 159.1 522 70.0 0.9 112.3 47.1 31.6
20/80 —35.7 160.8 75.8 69.9 0.4 112.4 75.3 46.0
0/100 — 162.5 103.2 — — 118.4 96.9 62.5

T,,» melting temperature of TPU and PP. H, is the enthalpy of crystallization of TPU, PP.

higher temperatures may indicate a low degree of
partial miscibility between the TPU and PP compo-
nents in amorphous regions.

The DSC heating scans of the TPU/PP blends
exhibited one melting peak over the entire composi-
tion range, as shown in Figure 1. The melting endo-
therm of the neat PP widened, and its peak at T,, =
162.5°C slightly shifted to lower temperatures with
the addition of the TPU (Fig. 1 and Table I). The T,
values of crystalline polymers can be related to the
size and perfection of their crystal units. Melting of
the TPU/PP blends began before T,, of the TPU (onset
T, < 135.7°C) and occurred continuously, so the
slight endotherm of the TPU merged into the endo-
therm (T,,) of PP. An early start of melting and a
broadened endotherm indicated the growth of
smaller, imperfect crystallites with a widened size
distribution.

In Figure 2, two separate T, peaks can be observed
for the TPU/PP blends corresponding to the T. val-
ues of the TPU (~ 70°C) and PP (~ 118°C).

The apparent T, of PP (118.4°C) decreased even
with the smallest addition of TPU (20 wt %; T. =
112.4°C). Further addition of the TPU caused a negli-

TPU
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TPU/PP 40/60

e
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TPU/PP 20/80
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T T T T T T T
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Figure 1 Melting behavior of the neat components and
TPU/PP blends. AH, Heat flow W/g.
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gible decrease in T, up to 111.3°C for the 80/20 TPU/
PP blend. The decrease in T, implied an increase in
the supercooling effect (supercooling level = T,,, — T)
caused by the addition of the TPU elastomer. The
delay of crystallization, observed in some polymer
blends,'® could be the result of decreased mobility
and slowed diffusion of the PP chains from a partially
miscible amorphous TPU /PP melt.

Figure 3 presents the heat of fusion (AH,,) and w,
versus the TPU content. w,; and AH,, of the TPU/
PP blends decreased with an increase in the TPU
content. The aforementioned thermal analysis data
are in agreement with the results obtained from
wide-angle X-ray diffraction."

Morphological observations
Two-phase morphology

SEM micrographs of the cryogenically fractured
samples as well as optical micrographs revealed dis-
persed particles of the minor phase (TPU or PP) in
the polymer matrix of the major phase (PP or TPU),
and this thus indicated a two-phase morphology.
Spherical and coalesced TPU particles and smaller
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—/\
VAN
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TPU/PP 40/60

TPU/PP 50/50
TPU/PP 60/40

TPU/PP 80/20
TPU

AH (W/g)

v 1 1 1 1
40 60 80 100 120 140 160 180

Temperature (C)

Figure 2 Crystallization behavior of the neat components
and TPU/PP blends. AH, Heat flow W/g.
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Figure 3 Composition dependence of (®) w.;, and (H)
AH,, for the TPU/PP blends.

hollows, which arose when these particles were
pulled from the surface, can be observed in the SEM
micrograph of the 20/80 TPU/PP blend (Fig. 4). In
the SEM micrograph of the blend with the TPU ma-
trix phase (80/20 TPU/PP blend; not presented),
more black hollows were shown to have arisen from
dispersed PP particles that were pulled out. Obvi-
ously, stiff PP particles could be pulled out more
easily from the fractured surface of the softer elasto-
meric TPU. The observed two-phase morphology of
the TPU/PP blends indicated the immiscibility and
low compatibility of the components.

Optical micrographs of the TPU/PP blends, pre-
sented in Figure 5, show the region of the PP matrix
to TPU matrix phase inversion. An increase in the
added amount of the TPU resulted in an enlarge-
ment of the dispersed TPU particles by coalescence
up to the 60/40 TPU/PP blend [Fig. 5(a)]. The
micrograph of this sample revealed large, spherical,
and elongated TPU particles because the completion
of the cocontinuous phase morphology still did not
appear in this blend. Within coarse TPU particles,
the dispersed droplets were observed [Fig. 5(b)].

Figure 4 SEM micrograph of the blend (bar = 100 pm).

Favis and Chalifoux'” proposed the term composite
droplet type for such a phase morphology observed
in PP/polycarbonate blends. In contrast to the 60/40
TPU/PP blend, the optical micrograph of the 80/20
TPU/PP blend revealed small, obviously PP par-
ticles dispersed in the TPU matrix [Fig. 5(b)]. Obvi-
ously, the completion of the cocontinuous phase
morphology could be expected between the 60/40
TPU/PP and 80/20 TPU/PP blends. These results,
as well as the stepwise change in the ductility and
Young’s modulus,"' locate the PP matrix to TPU
matrix inversion in the concentration region
between the 60/40 and 80/20 TPU/PP blends. This
is in accordance with some morphological models
predicting the occurrence of a cocontinuous (bicon-
tinuous) phase morphology on the basis of the vis-
cosity ratio of the components (the empirical Jord-
hamo law).'®

Structure of the TPU and PP matrices

Thin, microtomed slices of all the samples exhibited
(under a light microscope with crossed polars) a
spherulitic morphology (characteristic for semicrys-
talline polymers) that changed with the TPU/PP

Figure 5 Optical micrographs of TPU/PP blends with (a) 60/40 and (b) 80/20 weight ratios (bar = 50 um).
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Figure 6 Polarization micrographs of (a) the neat PP, (b) the 40/60 TPU/PP blend, (c) the 60/40 TPU/PP blend, (d) the

80/20 TPU/PP blend, and (e) the plain TPU (bar = 100 pm).

content ratio. Polarization micrographs of plain PP
and TPU as well as the 40/60, 60/40, and 80/20
TPU/PP blends [Fig. 6(a—e)] presented characteristic
points in the concentration range within which the
change in the spherulitic morphology occurred. The
polarization micrograph of the neat PP revealed a
uniform, spherulitic morphology with irregular or
flowerlike spherulites [Fig. 6(a)]. The addition of the
TPU elastomer to the PP matrix enhanced spherulitic
growth to such an extent that radially growing PP
lamellae of adjacent spherulites impinged on one
another at clear boundaries and formed polygonal
spherulites, as shown in the micrograph of the 40/
60 TPU/PP [Fig. 6(b)]. The appearance of well-devel-
oped spherulites with the addition of more TPU is

Journal of Applied Polymer Science DOI 10.1002/app

in good agreement with the enlargement of spheru-
lites in PP blends with ethylene—propylene-diene
monomer and poly(styrene-b-ethylene-co-propylene)
(SEP) elastomer.'*?

It is well known that the addition of a small
amount of low-molecular-weight or polymer compo-
nents, such as various elastomers, increases the het-
erogeneous nucleus density and thus decreases the
spherulite size.!” However, it has been proven that
the addition of larger amounts of elastomers to a
semicrystalline PP matrix leads to the growth of
spherulites."”?® This enlargement of the spherulites
observed in the TPU/PP blends seems to have been
caused by different factors in the solidification pro-
cess. The addition of the TPU elastomer prolonged
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the solidification of the TPU/PP blend to a lower T,
(~ 70°C for TPU vs ~ 118°C for PP) and thus pro-
longed the crystallization of the PP matrix. The TPU
melt that remained during the solidification of the
blend enabled the easier migration of PP chains
from the melt into growing lamellar crystals and
spherulites. It is possible that the PP chains remain-
ing in the TPU melt islands and/or the TPU chains,
as a transport medium, that were partially included
in the amorphous intraspherulitic and interspheru-
litic regions of the PP matrix led to the apparent par-
tial miscibility in amorphous regions. This partial
miscibility of trapped TPU or PP chains in the amor-
phous regions could be due to the lack of interfacial
interactions between the polar, amorphous TPU and
nonpolar, crystalline PP phases. The mixing of the
PP and TPU chains in the soft, amorphous phases
reduced the mobility of macromolecular chains, and
this led to the stiffer TPU/PP blends when PP was
the matrix phase.'" This explanation may reconcile
the structural changes of both the TPU and PP amor-
phous phases and the TPU T, during crystallization
by partial miscibility on the one hand and by immis-
cibility on the supermolecular or macrophase level
deduced from the two-phase morphology revealed
by SEM and optical microscopy on the other hand.
The values of dgpp, calculated with eq. (2), increased

with the TPU elastomer up to 40 wt % (Fig. 7) as a
result of the solidification effect of the TPU elasto-
mer. On the other hand, the addition of the TPU
elastomer to the PP matrix caused the coalescence of
the melt TPU regions and the growth of the dis-
persed TPU particles. Enlarged, dispersed TPU par-
ticles, presenting steric hindrance, may have hin-
dered regular growth of the spherulites, and thus
the effect of solidification in the blend with higher
TPU contents prevailed. This could be the most
effective factor for decreasing the spherulite size
from the 40/60 TPU/PP blend to the 60/40 TPU/PP
blend [Figs. 6(b,c) and 7]. The polarization micro-
graph of the 60/40 TPU/PP blend in Figure 6(c)
reveals still well-developed and somewhat more dif-
fuse spherulites belonging to PP as the matrix phase.
The spherulite size decreased stepwise from the
60/40 TPU/PP blend to the 80/20 TPU/PP blend
[Figs. 6(c,d) and 7], and this indicated the PP matrix
to TPU matrix phase inversion in the concentration
region between these blends. In this way, the spher-
ulitic morphology of the 80/20 TPU/PP blend
belonged to the matrix TPU phase, which included
dispersed PP particles [Fig. 6(d)]. The neat TPU [Fig.
6(e)] and 80/20 TPU/PP blend [Fig. 6(d)] had a sim-
ilar irregular spherulitic morphology with a similar
spherulite size (Fig. 7).

CONCLUSIONS

The completion of the investigation of the structure—
property relationships of TPU/PP blends through
examinations of their thermal and morphological
behaviors confirmed some conclusions presented
in a previous article'' and emphasized new
conclusions:

» The two-phase morphology, finally proved
by SEM and optical micrographs, indicated
the immiscibility of the components in the
TPU/PP blends on the supermolecular mac-
rophase level.

* The slight shift of the TPU T, observed on
DSC curves and the crystallization behavior
of the blends (as well as the analysis of
dynamic mechanical analysis curves in the
previous article'') indicated apparent partial
miscibility in amorphous regions. It seems
that the PP chains remaining in the TPU melt
islands and/or TPU chains partially included
in the amorphous PP regions partly modified
these amorphous regions.

» The growth of the PP spherulites seemed to
be caused by different factors in the solidifi-
cation process: prolonged crystallization of
the PP matrix enabled easier diffusion of the
PP chains from the melt islands, and steric

Journal of Applied Polymer Science DOI 10.1002/app
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hindrance was caused by enlarged TPU par-
ticles. Enlargement of the PP spherulites
achieved a maximum in the 40/60 TPU/PP
blend as a result of the first two effects. At
higher TPU contents, enlarged, dispersed
TPU particles could hinder the spherulite
growth, thus, the first two effects in the solid-
ification process prevailed.

* The stepwise decrease in the dispersed parti-
cle and spherulite size (as well as the step-
wise change in the ductility and Young's
modulus in the previous article'') from the
60/40 TPU/PP blend to the 80/20 TPU/PP
blend indicated the PP matrix to TPU matrix
phase inversion in the concentration region
between these blends.
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