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ABSTRACT: Characterizing the morphology of modified multiphasic polymer systems,
as are often applied for improving the impact strength, is normally a complicated and
tedious task. Nevertheless, knowledge about the volume fraction and particle-size
distribution of the elastomer phase is important for the specific development of high-
impact systems. Direct production in the reactor enables only indirect control of these
two quantities. Computer-controlled scanning electron microscopy in combination with
image processing allows an automated measurement of both all the necessary particle
parameters (size distribution, shape, orientation, etc.) and the elastomer content of the
material. Since bulk materials are used for the investigation, additionally, three-
dimensional information about the structure of the material can be gained by simply
varying the electron energy, without the necessity to resort to multiple slices. This
information is especially important in the case of particles with extremely irregular
shapes, as obtained, for example, by strong agglomeration of the modifier particles. The
mathematical routines used for calculation of the particle-size distributions from the
measured profile-size distributions cannot be applied in such cases. The method was
tested for several materials with significantly different compositions, both immediately
after molding and also after a subsequent thermal relaxation. © 2000 John Wiley & Sons,

Inc. J Appl Polym Sci 78: 1152-1161, 2000
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INTRODUCTION

To improve the properties of polymeric materials,
for example, their toughness and stiffness, vari-
ous modifiers can be added to the polymer matrix.
For the modification of polypropylene (PP), often
ethylene—propylene copolymer rubber (EPR) is
used. But both other olefin-based elastomers and
a wide variety of mineral fillers or fibers are also
suitable. The actual material properties will de-
pend on the loading, properties, shape, size, and
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distribution of the modifier particles and on their
bonding to the matrix.!

One technical advantage of the system PP/EPR
is the possibility to directly produce these mate-
rials in a reactor cascade (reactor blends). Nor-
mally, the such-produced systems will consist of
three phases®:

A—A crystalline PP matrix, which can also be
a random copolymer with low content of eth-
ylene?;

B—A predominantly amorphous ethylene—pro-
pylene (EP) copolymer forming the shell of
the dispersed elastomer particles;

C—A crystalline polyethylene (PE) phase with



CHARACTERIZATION OF MODIFIED POLYPROPYLENE 1153

incorporation of a low propylene amount
forming the core of the elastomer particles.

In industrial polymerization processes, phase
A will be produced in the first reactor and phases
B and C simultaneously in a second reactor. More
complex processes are, however, possible and al-
low an even wider variation of the material prop-
erties.*

In the literature, several studies about the im-
pact of copolymer composition and structure on
the morphology and final mechanical properties
of such systems can be found.’® In most cases,
however, the authors used extruder blends of PP
and externally synthesized EPR (as well as pos-
sibly PE) for the studies to avoid the problem of
composition variation in the reactor. The compa-
rability of these systems to reactor blends is, how-
ever, limited because of the lower compatibility
and interaction between the phases.'®

The most often used method to obtain morpho-
logical information about such systems is trans-
mission electron microscopy (TEM).}'® But im-
ages taken from the ultrathin sections of the bulk
material yield only profile-size distributions. Ex-
cept for special cases, it is impossible to recon-
struct the actual particle-size distributions from
these profile-size distributions by means of stere-
ology.'»'3 The method is limited to specimens
where all particles have the same shape, irrespec-
tive of their size.!* Additionally, a preferential
orientation of nonspherical particles is not al-
lowed. All these assumptions will be fulfilled only
in rather rare cases and especially not in cases
where deformation or agglomeration of particles
occurred.

A possible way of overcoming these problems
partially is a two-dimensional TEM analysis
based on cuts in two directions (e.g., parallel and
normal to the flow direction in an injection-
molded sample). This technique allows one to re-
construct the shape and orientation of the dis-
persed particles at least qualitatively.'®

An additional assumption in using stereologi-
cal principles is that the sections of the specimens
represent true planes, that is, that the thickness
of the TEM specimens is approximately zero.
Whenever the particle diameters, or at least a
part of them, are of a size comparable to the
thickness of the sections, a correction factor for
the section thickness has to be applied.’® But
these correction factors are themselves dependent
on the particle shapes and their profile diameters.

Thus, they would have to be determined sepa-
rately for each new system.

To get a direct projection image of the particles,
the technique of high-voltage TEM (HVEM) also
can be used. Here, an investigation of thicker
samples (cuts up to a thickness of a few microme-
ters) is possible due to the high acceleration volt-
age (max. 1000 keV).!” This allows one to see at
least the outline of complete particles up to a
certain size. Inherent to the technique is, how-
ever, the danger of specimen damage because of
the high-energy input.

Gleinser et al. showed for spherical particles
that, with an increasing ratio of slice thickness to
particle diameter, the profile-size distribution ap-
proaches more and more the actual particle-size
distribution.!! Especially, the calculated mean
particle diameters are nearly equal already at
moderate ratios. Scanning electron microscopy
(SEM), which is generally performed on bulk
specimens, offers the possibility to vary the pen-
etration depth of the electrons and with it the
information depth, in a broad range. Thus, in the
case of small particles, the “specimen thickness”-
to-particle diameter ratio can be varied corre-
spondingly. Additionally, in the case of very irreg-
ularly shaped particles, it is often possible to elu-
cidate the particle shape without the necessity to
resort to serial section methods. Although confo-
cal scanning laser microscopy is used more and
more to study the morphology of polymer blends,
its resolution is by far inferior to that of field-
emission SEM.'® This method is furthermore lim-
ited to materials which are transparent for the
respective laser wavelength. In the following sec-
tions, the possibility to use SEM and subsequent
image processing for both particle characteriza-
tion and the determination of the particle-size
distribution of two-phase polymer systems is
demonstrated.

EXPERIMENTAL

Materials

Four different grades of heterophasic EP copoly-
mers (see Table I) with different amounts and
compositions of the EPR modifier were chosen for
the investigation, which was conducted both on
freshly molded and thermally relaxed specimens.
All materials were produced in pilot-scale or com-
mercial-scale reactors at Borealis AG (Schwechat,
Austria). While the materials CSC and DSC are
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Table I Basic Characteristics of the
Investigated Materials

Material 07 09 CSC DSC
MFR (g/10 min) 8 8 2 4
C2 total (mol %) 30 17 12 16
XS (wt %) 36 17 14 25

Flexural modulus (MPa) 480 850 1100 880
Charpy + 23°C/kJ/m? 65 16 19 28
Charpy — 20°C/kJ/m? 8.5 2.8 5.5 6.3

MFR according to ISO 1169 Standard—230°C/2, 16 kg, C2
from infrared spectroscopy, and XS according to internal
method. Flexural modulus according to ISO 178 standard and
Charpy notched impact strength according to ISO 179 1leA
standard.

standard high-impact copolymers, the experimen-
tal grades 07 and 09 were produced with the
target of a finer elastomer particle structure by
adapting both the phase composition (propylene-
rich EPR and random copolymer matrix) and the
phase viscosities to each other. This way, prod-
ucts with an improved balance between transpar-
ency and impact strength can be achieved.®!° The
total ethylene (C2) content, melt flow rate (MFR),
and other basic data for the grades are given in
Table 1.

For the study, standard mechanical testing
specimens (80 X 10 X 4 mm) were injection-
molded. These were the basis for the “molded”
investigations. The thermal treatment for a relax-
ation of the particle shape, which may be strongly
oriented and deformed in the molding step, was
carried out in accordance with the work of Mira-
bella.2? The specimens were heated in a vacuum
to roughly 2°C above the melting point of the
matrix and left at this temperature for 20 min,
followed by a slow cooling to room temperature.
In most cases, this led to a distortion of the exter-
nal specimen shape, pointing to internal stresses
created in the molding step.

Preparation
RuO, Staining for TEM and SEM

As polymer matrix and modifier particles have
approximately the same chemical composition
and density, the particles are not visible in elec-
tron microscopy without a preceding preparation.
Square-shaped specimens were trimmed into a
pyramid shape and then at the tip a flat surface
was produced with a glass knife. Subsequently,
the specimens were stained by gaseous RuO,.%!

The continuous Ru layer formed at the surface
was removed by ultramicrotomy. Staining made
the material brittle, thus preventing the danger
of smearing or particle deformation in the cutting
process.

Chemical Etching for SEM

The specimens were—like those for staining—
trimmed; then a flat surface was produced by
cryomicrotomy at the tip. Etching was performed
in n-hexane at 60°C for 20 min.?° The EPR phase
is etched much stronger than is the PP matrix
and, thus, removed, but only in those cases where
the particles have direct contact with the surface.

Instrumentation

The SEM pictures were recorded and processed
by a Noran Voyager image-processing system at-
tached to a Zeiss DSM 982 Gemini field-emission
SEM with either a resolution of 1024 X 1024 or
1280 X 1024 pixels. The electron energy at the
SEM is variable between 0.2 and 30 keV. As the
Noran Voyager also controls the motorized speci-
men stage, a fully automated recording and pro-
cessing of as many images as necessary is possi-
ble. TEM pictures were recorded by a Philips 300,
subsequently digitized and also processed by the
Noran Voyager.

To eliminate the influence of noise, only struc-
tures with an area of at least 30 pixels were
evaluated. Additionally, it is impossible to get
reliable profile shape data from profiles with an
area of a few pixels only. Comparisons of profile
distributions have—if not stated otherwise—al-
ways been scaled to the same area, even if the
actually evaluated areas had been different in
size (e.g., because of different magnifications).
Statistical errors will in these cases also be dif-
ferent.

The average diameter is defined as the average
of all triangle altitudes drawn between pixels on
the convex perimeter. Triangle bases are defined
by adjacent pixels, and peaks, by pixels on the
opposite side. The resolution in the average diam-
eter in the digitized size distributions is always
0.1 pm.

RESULTS

SEM Parameters and Particle Imaging

Contrary to TEM, where slices with a thickness of
around 50-100 nm are usually investigated, in
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Table II Dependence of the Penetration
Depth of the Electrons on the Electron
Energy (p = 1 g/cm®)

E, (keV) Dy (um)
1 0.1
2 0.3
5 1.0
10 2.6
15 6.2
20 10.0
25 14.5

The maximum information depth in case of backscatter
electrons is around half the penetration depth.

SEM, normally bulk specimens are analyzed. The
penetration depth D, of electrons is

D,~Eip

with E, being the primary electron energy, p be-
ing the density of the material, and the exponent
n ~ 1.4 for low and n ~ 1.7 for high energies.?*?
Rough estimates for the penetration depth as a
function of the energy are given in Table II. The
actual information depth is around half of it, be-

cause the electrons have to leave the specimen
again to be collected by the detector.

Table II shows that at an energy of 1 keV the
information depth is comparable to the thickness
of the TEM slices and that the information depth
can be varied by a factor of 100. Brown and Butler
proved that even at energies as low as 1 keV
images of RuO,-stained PE blends can be re-
corded with excellent contrast.?* In Figure 1, the
change of the particle size, shape, and number in
dependence on the primary electron energy is
demonstrated for the specimen with the most ir-
regular particle shapes. One perceives immedi-
ately the existence of an inverse relationship be-
tween particle density and the maximum applica-
ble information depth—the greater is the former,
the smaller is the latter. Otherwise, the images of
particles of different depths begin to overlap and
the individual particles cannot be discriminated
clearly any longer. RuO, staining occurred to a
sufficient depth and did not limit the depth vari-
ation.

At the regions marked A and B in Figure 1, one
can easily follow the change in particle shapes
with increasing electron energy. What seem to be
individual particles at 5 keV turn out to be parts
of greater agglomerates at higher energies. Of
course, the narrow bridges between the bigger

Figure 1 Dependence of particle shapes and sizes for material 07 on the electron
energy used in SEM (BSE detector, picture width: 39 um).
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Figure 2 Structure of material 07 after thermal relaxation (picture width: 57 pm);
(left) original SEM image (5 keV, BSE detector); (right) after binarization and holefill

procedure.

parts of the dumbbell-like agglomerates have a
much lower probability to be cut and to be directly
visible at the surface than that of the great spher-
ical parts of the same agglomerate. Thus, in ul-
trathin sections for TEM, agglomeration could be
strongly underestimated and the number of small
particles counted too high. Also, the aforemen-
tioned algorithms for reconstructing the particle-
size distribution from the profile-size distribution
are not applicable in this case.

What appears to be agglomerates could also, at
least in some cases, be the overlap of particle
images from particles at different depths. For in-
dividual particles, this could be checked by tilting
the specimen to a high angle. Selective etching of
the specimen, where the EPR phase was removed,
proved, however, also the existence of these
highly irregular agglomerates. But because the
contrast at the boundaries of the etched holes is
not sufficiently different from that of the matrix,
the etched specimens are not suited for an auto-
mated profile-size distribution measurement.

Connected with the finite section thickness is
always—Dboth in SEM and TEM—the loss of cap
sections.'® For particles, which are contained in a
slice with a shallow cap section, the contrast be-
tween this cap and the matrix may be too weak to
make it visible in the recorded image. The size of
these invisible caps is dependent on the ratio of
electron penetration depth to cap depth and will,
therefore, increase with increasing electron en-
ergy in the SEM. Additionally, as demonstrated
in Figure 1, particles from greater depths are
recorded with a fainter contrast. This is a conse-
quence of a scattering of the electrons on their
way back to the surface. It provides a rough depth
discrimination without switching to lower ener-

gies. But, as a consequence, also the minimum
particle and cap sizes detectable increase. Thus,
there is a correlation between the electron energy
and the minimum detectable profile size. But, in
effect, this causes a shift of the profile-size distri-
bution in direction of the actual particle-size dis-
tribution.

A problem omnipresent in connection with
polymers and SEM is the danger of specimen
damage caused by the electron beam. Because of
the low heat conductivity of polymers, substantial
heating can occur and, as a consequence, chemical
degradation and a change of the surface struc-
ture. The greater the electron energy and the
magnification, the higher is the danger of dam-
age. It did not pose a problem in the present
investigation, although surface roughening was
observed after longer irradiation of the same
area.

Profile-size Distribution Measurements

Automated discrimination of the particle profiles
and measurement of their geometrical parame-
ters (area, average diameter, circularity, orienta-
tion, etc.) uses the different gray levels of the
RuO,-stained EPR phase and the PP matrix in
the SEM image. The gray-level image is con-
verted to a binary image and subsequently pro-
cessed to enhance the features. In Figure 2, a
comparison of an original image with its pro-
cessed counterpart is presented. Of course, the
gray value chosen for image segmentation and
also the subsequent processing will influence the
recorded size and shape of the particles and, in
the end, their size distribution. Figure 3, how-
ever, proves that the dependence of the results on
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Figure 3 Dependence of the profile-size distribution on image processing and mag-
nification; (left) material CSC, variation of the threshold value for binarization; (right)
material 07, modification 1: magnification 10,000X, holefill; modification 2: magnifica-
tion 10,000X, holefill, erode (twice), template separate (twice); modification 3: magni-

fication 3.000X, holefill.

the image-processing procedure and also the mag-
nification of the recorded images is rather small.
The higher the contrast in the original image, the
less image processing is necessary, reducing even
more its influence.

Although at 5 keV the information depth in
SEM is rather moderate (see Table II), it is, nev-
ertheless, a multiple of the thickness of a TEM
slice. Thus, a change in the profile-size distribu-
tion should already be observable. This is con-
firmed by Figure 4; there is no measurable shift in
the peak position of the distribution and the over-
all shape does not change substantially, but one
can notice a definite reduction in the number of
small particles. The main reason may be the bet-
ter perception of agglomeration by SEM, although
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Figure 4 Comparison of the profile-size distribution
for material 07 measured by SEM (5 keV) and TEM.

it is still underrated even at an electron energy of
5keV, as is proven by Figure 1. Since the smallest
areas measured comprise at least 30 pixels, dif-
ferences in noise or sensitivity between the two
devices should not play a decisive role.

Shape and Orientation Parameters

In addition to the size distribution, particle-shape
parameters and particle orientation can also be
measured, provided that all images evaluated for
a single specimen are recorded from a connected
surface. Images of different slices, which are ro-
tated or tilted against each other, are, of course,
not suited. In Figure 5, an example is given for
one of the specimens (material 09; both molded
and thermally relaxed). Whereas the circularity
of the particles does not differ decisively before
and after thermal relaxation, the relaxation pro-
cess erased the pronounced orientation of the
EPR phase induced by the injection-molding step.
The most probable reason for this is a particle-
agglomeration process, not only a random rota-
tion of the individual particles. This is supported
by the strong reduction in particle number after
the relaxation, as can be seen in Figure 5(a). But
the circularity distribution definitely proves the
particles not be spherical, so that a reconstruction
of the particle-size distribution from the profile-
size distribution is not possible.

DISCUSSION

While in extruder blends the relative amount of
the elastomer phase can be controlled directly
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Figure 5 Comparison of (a) circularity [C = perimeter?/(4 m area)] and (b) orientation
(angle between positive X-axis and maximum particle projection) for material 09 before

and after thermal relaxation.

and the particle size at least indirectly by appro-
priate selection of the phase viscosities,!?2%26
both will be a complex function of the parameters
of the polymerization process for reactor blends.
Two generally accepted measures for the elas-
tomer phase amount are the relative amount of
polymer produced in the second reactor (W,) and
the amount of solubles in cold xylene (XS) deter-
mined by dissolving the sample completely in
boiling xylene and precipitating the insoluble
part by cooling slowly to room temperature
again.? The latter quantity is given in Table I for
the investigated systems. Despite its popularity
in industrial practice, it has several systematic
drawbacks: While it will also include matrix ma-
terial of low isotacticity (through which also the
XS value of homopolymers is not zero), it will not
register crystalline PE fractions present in the
core of the elastomer particles and contributing to
the toughening process.? Therefore, an indepen-
dent determination of the elastomer phase con-
tent through SEM will be interesting.

This is even more true for the particle-size
distribution, which is not accessible otherwise. As
several authors have stated a strong connection
between particle size and the toughening ef-
fect,1"1%27 detailed information about the conse-
quence of the alteration of polymerization param-
eters on the morphology are of greatest interest in
the systematic development of high-impact PP
grades.

In Figure 6, the results of the size-distribution
measurement for all four materials, both before
and after thermal relaxation, scaled to the same
area, are presented. Because of the different
amount of EPR in the individual grades, a scaling
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Figure 6 Particle-size distributions for all four mate-
rials before and after thermal relaxation, scaled to the
same surface area.
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Figure 7 Profile-size distribution of the materials af-
ter thermal relaxation, scaled to the same particle
number.

to the same particle number as presented in Fig-
ure 7 might be more favorable. This will depend
on whether only the individual particle parame-

CSC: picture width: 57 pm

DSC: picture width: 115 pm

Table IIT Elastomer Content as Determined by
Different Methods (No Thickness Correction
for the SEM and TEM Values Applied)

Material XS (wt %) SEM (vol %) TEM (vol %)
07, molded 36 34 31
07, relaxed 36 33 —
09, molded 17 11 —
09, relaxed 17 12 —
CSC, molded 14 14 —
CSC, relaxed 14 15 —
DSC, molded 25 28 —
DSC, relaxed 25 25 —

ters are of interest or the particle density also.
Figure 7 shows a great similarity in the elastomer
particle-size distribution between materials CSC
and 07 after thermic relaxation, which is not as
clearly visible in Figure 6. Thus, for the material
07, the initially finer particle structure compared

£

Figure 8 Elastomer-phase distribution of all four materials after injection molding

for visual comparison (5 keV, BSE detector).
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to the materials CSC and DSC has disappeared
after the thermic relaxation. Only the material 09
preserved a substantial amount of the fine modi-
fier particles. Comparison of the size distributions
in Figure 6 demonstrates a drastic reduction in
particle number per unit volume for the materials
07 and 09 after thermic relaxation. Thus, ex-
tremely strong agglomeration occurred (see also
Fig. 5). Because a particle with a diameter of 5
um has the volume of 1000 particles with a diam-
eter of 0.5 um, this agglomeration causes no vis-
ible change of the size distribution of the great
particles. Thermic relaxation did not change the
size distribution for the materials CSC and DSC
substantially.

Additionally, in Table III, the elastomer-phase
content as determined via XS and measured by
electron microscopy are compared. In case of ma-
terial 07 (molded), the content was calculated
from TEM as well. As a consequence of the
greater specimen thickness (=1 um; see Table II),
the value measured by SEM is higher than is the
corresponding one by TEM (see also Fig. 4). Ap-
plying the thickness correction factor as proposed
by Weibel'® would give an elastomer fraction of
only 21%. Since the elastomer content is, of
course, the same before and after thermic relax-
ation, the deviation of the corresponding mea-
surements by SEM will act as an indicator for the
measurement error.

Based on the assumption that the density of
the elastomer phase is about 0.85 g/cm?, the elas-
tomer content measured by SEM is generally
smaller than that determined by XS. An espe-
cially strong difference was observed for the ma-
terial 09. Aside from errors in the XS values, one
explanation might be that the scanned surface
area was too small. If only very few great particles
are present in the matrix, then their contribution
to the elastomer content could be strongly under-
rated. The scanned surface area has to be great
enough to give a sound size distribution up to the
greatest particles, even if their influence on the
modification of the properties of the polymeric
material would be negligible.

Figure 8 finally gives an optical survey of the
elastomer-phase distribution of the four samples
after injection molding. A quick glance at the
structures in comparison to the quantification in
Figures 6 and 7 as well as Table III makes the
problem of “visual” judgment of a heterophasic
system fully clear. Especially in case of high EPR
content, the image can be very deceiving.

As the samples selected for this investigation
do not—unlike the work by Starke et al.'®—rep-
resent a systematic series with the variation of
only one parameter, a direct correlation between
the morphological information and the mechani-
cal characteristics given in Table I could not be
expected. A comparison shows, however, that the
elastomer-phase content correlates much better
with the impact strength than does the total C2
content, which is still frequently used for charac-
terization of high-impact copolymers. Molar mass
effects, however, disturb this simple correlation.
For detecting the influence of the particle-size
distribution, at least two samples with identical
total elastomer content would be required.

Nevertheless, the results prove that a combi-
nation of SEM and image processing is a powerful
tool for the characterization of modified polymers.
The possibility of complete automation can save a
lot of time, and by variation of the electron energy
also to a certain amount, three-dimensional infor-
mation can be gained without the necessity of
using multiple slices.

The authors thank Dr. D. Leistner of Borealis AG for
preparing the experimental-grade samples as well as
Dr. W. Neifil of Borealis AG and Dr. C. Paulik of Bo-
realis SA, Norway, for helpful discussions.
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