
1. Introduction
Polypropylene (PP) is one of the most advantageous
polymers for the production of a large variety of
packaging materials, consumer goods, and structural
parts [1, 2]. The main advantage of PP over other raw
materials is its beneficial cost/performance ratio; ex-
tensively used homopolymer (hPP) grades are avail-
able at a reasonable price, and they have sufficiently
large modulus, deformability, and acceptable tensile
strength [3]. Besides its advantages, one of the major
drawbacks of hPP is its poor impact resistance of

around 2 kJ/m2 at the melt flow rate (MFR) typical
for injection molding [4]. In order to overcome the
problem and thus extend the application area of PP
even further, the polymer is routinely modified. Al-
though synthetic polymer fibers have been recently
used as impact modifiers [5–9] and attempts have
been made to use high-density polyethylene (HDPE)
for the improvement of impact resistance [10–12],
the traditional way to achieve this goal is the addition
of elastomers [13–15]. Melt blending of hPP with
amorphous ethylene-propylene copolymers (EPR)
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or ethylene-propylene-diene terpolymers (EPDM)
results in physical blends and is a well-developed
technology known for decades [16–20]. However,
copolymerization carried out directly in the reactor
offers an economically more feasible way to produce
impact-modified PP grades. Such a technology in-
volves the production of hPP followed by the down-
stream gas phase copolymerization of ethylene and
propylene at various ratios to form a dispersed eth-
ylene-propylene copolymer phase (EPC) of varying
crystallinity [21–23]. The products formed in the se-
quential polymerization process are called impact
copolymers (ICPs) or heterophasic copolymers be-
cause of their specific morphology. The structure of
these materials is rather complex, consisting of the
PP matrix itself, the dispersed particles of the amor-
phous EPC, and, depending on the composition of
the copolymer, a certain amount of crystalline PE lo-
cated within the elastomer particles [24–29]. The
structure of the copolymers is a very important factor
since the size of the dispersed elastomer particles is
claimed to have an optimum value for efficient im-
pact modification [27, 30, 31]. Besides the proper se-
lection of ethylene/propylene and molecular weight
ratio during polymerization, as well as processing
conditions, particle size can also be controlled by the
addition of another component. Although its mech-
anism was not thoroughly explained in the open lit-
erature, HDPE has been used for the impact modifi-
cation of ICPs [32–35]. The modifier is mostly found
encapsulated by the elastomer and changes the size
of this latter, thus influencing impact resistance [32,
34, 36, 37].
Under the effect of external load stress concentration
develops around elastomer particles in ICPs because
of the dissimilar elastic properties of the phases [38].
Heterogeneous stress distribution and local stress
maxima initiate local deformation processes, which
determine the deformation and failure mechanism
and, thus, the macroscopic properties of these mate-
rials [27, 39, 40]. Although to a different extent, all
local deformation processes absorb energy and thus
influence impact strength [41]. Shear-yielding and
cavitation are the main processes taking place in
ICPs [27]. Shear-yielding, i.e., the slipping of larger
structural units of the matrix [42], was proven to con-
sume energy the most efficiently among local process-
es [41]. Accordingly, this process is very important
in the determination of impact strength. Cavitation
of the elastomer results in the formation of voids

[39], but the effect of this latter process is rather con-
troversial, and it may either decrease or increase im-
pact resistance [43, 44].
Although PP impact copolymers have been widely
used in engineering applications for a long time, a
strong interest and need exist from both academia
and industry for their further development. Despite
the complexity of their morphology, the structure-
property relationships of ICPs are more or less
known. However, the research on these materials
lacks quantitative correlations between their per-
formance, mainly impact strength and the factors
and processes determining it. The aim of the present
study is to remedy the situation and analyze the de-
pendence of the room temperature (23 °C) impact
strength of ICPs on their elastomer content and elas-
tomer particle size by using simple models created
with the help of linear regression analysis. Since
local deformation processes have a considerable ef-
fect on deformation and failure, and thus also on im-
pact strength, they were also studied in detail both
qualitatively and quantitatively. An attempt was
made to increase the impact strength of the copoly-
mers further by the addition of HDPE. The conse-
quences of the results for practice are also discussed
at the end of the paper.

2. Experimental
2.1. Materials
Four different ICPs produced by Ziegler Natta cata-
lyst and triethylaluminium co-catalyst were selected
for the study; all four grades were supplied by Bo-
realis Polyolefine GmbH, Linz, Austria. In order to
avoid the use of complicated trade names, the
copolymers will be differentiated by their elastomer
and ethylene content, assigning simplified names to
them. Accordingly, the copolymers will be referred
to as ICP14P, ICP15E, ICP25P, and ICP32E, respec-
tively. The number in the names indicates the elas-
tomer content in wt%, while the E or P denotes that
the elastomer is rich in ethylene (E) or propylene (P).
Elastomer content and ethylene content of the elas-
tomer were determined at Borealis GmbH. Xylene
cold soluble (XCS) fraction representing the elas-
tomer content was measured at 25 °C according to
the ISO 16152 standard using laboratory equipment.
The approach slightly underestimates elastomer con-
tent since xylene dissolves only the amorphous part
of EPC, while crystalline regions remain in the xy-
lene insoluble part (XCI) corresponding to the amount
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of the matrix. The ethylene content of the elastomer
(XCS) was determined by Fourier-transform infrared
spectroscopy (Perkin Elmer infrared spectrometer
FT-IR system 2000, Perkin Elmer, Waltham, MA,
USA). The spectra were recorded on compression-
molded films in the wavenumber range of 4000 and
400 cm–1. To determine the composition, the absorp-
tion spectra were compared with library spectra cal-
ibrated by 13C nuclear magnetic resonance (NMR)
spectrometry in solution. Further details on the de-
termination method can be found in [45]. Intrinsic
viscosities (IV) of both XCS and XCI fractions were
measured in decalin at 135 °C according to the DIN
EN ISO 1628-1 and -3 standards in order to check
molecular weight effects. A Lauda PVS automated
capillary viscometer with Ubbelohde capillaries
(Lauda, Lauda-Königshofen, Germany) was used for
this purpose. The ICP32E polymer was also modi-
fied by blending with an HDPE homopolymer hav-
ing a bimodal molecular weight distribution. A PP
homopolymer intended for high-speed injection
molding of products with long flow paths was used
as a reference in the study. This latter was not iden-
tical to the matrix of the copolymers. Both the HDPE
and the hPP were the products of Borealis. The stud-
ied polymers, together with their most important
characteristics, are summarized in Table 1.

2.2. Processing, sample preparation
Blending with HDPE was carried out using a
Brabender DSK 42/7 (Brabender GmbH, Duisburg,
Germany) twin-screw compounder at the set temper-
atures of 190–200–205–210 °C and screw speed of
45 rpm. The amount of HDPE varied from 0 to
100 wt% in the blends in steps of 5 wt%. The gran-
ules of the blends, the four copolymers, the reference
polymer, and the neat HDPE were injection molded
into standard, ISO 527 1A tensile bars using a Demag
Intelect 50/330-100 (Sumitomo Demag, Schwaig,

Germany) machine with the temperature profile of
190–200–205–210°C. The rate of injection molding
was 50 mm/s, the cooling time 40 s, and the holding
time 30 s. The mold temperature was kept at 40 °C
during processing. Injection molded specimens were
stored at 23°C and 50 RH% for one week before fur-
ther testing. Plates of 1 mm thickness were compres-
sion molded from the four copolymers at 200°C and
100 kN load for 3 min using a Fontijne SRA 100 ma-
chine (Fontijne Presses, Delft, The Netherlands).

2.3. Characterization, measurements
Tensile testing was carried out at 23 °C according to
the ISO 527-2 standard using an Instron 5566 type
universal testing machine (Instron, Norwood, MA,
USA). Stiffness was determined at 0.5 mm/min cross-
head speed and 115 mm gauge length, while charac-
teristics measured at larger deformations were ob-
tained at 5 mm/min cross-head speed and the same
gauge length. Notched Charpy impact resistance was
determined according to the ISO 179-1/1eC standard
at 23°C and 2 mm notch depth using a Ceast Resil 5.5
instrument (CEAST S.p.A., Pianezza, Italy) equipped
with a hammer of 1 J capacity. Fracture surfaces of
Charpy specimens were studied by scanning electron
microscopy (SEM) using a Jeol JSM 6380 LA appa-
ratus (Jeol Ltd., Tokyo, Japan). N-hexane was used
to etch the elastomer particles from the cryo-frac-
tured surfaces, resulting in holes left behind. Particle
size was determined using the recorded micrographs
by image analysis. 300 particles were measured for
each sample. Transmission electron micrographs
(TEM) of the copolymers were recorded on 85 nm
thick slices. Before recording the micrographs, the
sample was immersed in the aqueous solution of
ruthenium tetroxide to increase contrast and thus
allow the differentiation between regions with larger
and smaller crystallinity. TEM analysis was carried
out using a Tecnai 12 microscope (Fei Company,
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Table 1. The most important characteristics of the polymers investigated in the study.

adetermined at 230°C, 2.16 kg
bdetermined at 190°C, 2.16 kg

Polymer Elastomer content
[wt%]

Ethylene content of the elastomer
[wt%]

IVXCS
[dL/g]

IVXCI
[dL/g]

Viscosity ratio
IVXCS/IVXCI

MFRa

[g/10 min]
ICP14P 14 27 1.7 2.7 0.6 3.0
ICP15E 15 43 3.5 2.2 1.6 3.5
ICP25P 25 21 5.3 1.8 2.9 4.5
ICP32E 32 38 3.4 1.5 2.3 11.0
HDPE 0.7b

hPP 50.0



Eindhoven, The Netherlands) at the Institute for
Electron Microscopy and Fine Structure Research
(FELMI) in Graz, Austria. The images were taken
with a CCD-Camera (Gatan Inc., Abingdon, UK).
Volume strain (VOLS) measurements were performed
by Borealis GmbH. The full-field strain on the front
(x and y direction) was measured by using two cam-
eras to establish digital image correlation (DIC). In
general, DIC is based on the principle of following
the change in the structure of a speckle pattern su-
perimposed artificially on the surface of the speci-
men during deformation by using an optical camera
system. For the calculation of volume strain, the
mean displacement of the speckles was determined
on a small area at the front of the specimens in the x
and y directions corresponding to the change of their
dimensions in these directions. Dimensional change
upon loading in the z direction was obtained by as-
suming that the relative strain in this latter direction
is identical to that measured in the y one. In posses-
sion of the dimensions of the deformed specimen
and that of the initial one volume strain was calcu-
lated at each elongation value by a software. Further
details on the DIC test method can be found in [46].
Dynamic mechanical thermal analysis (DMTA) was
carried out using a Perkin Elmer Diamond DMTA
instrument (PerkinElmer, Waltham, MA, USA) on
compression molded specimens with 50×5×1 mm
dimensions between –120 and 80 °C at 1 Hz fre-
quency, 10 μm deformation, and 2 °C/min heating
rate in tension mode.

3. Results and discussion
The results are presented in several sections. The
phase structure of the copolymers is characterized
first and then tensile properties having relevance for
the impact strength and fracture resistance of the
copolymers are discussed subsequently. The effect
of modification with HDPE on structure and prop-
erties is presented in the next section, followed by
the analysis of local deformation processes. The
most important findings and correlations are shown
in the final section of the paper.

3.1. Phase structure
The copolymers investigated have heterogeneous
structures consisting of evenly dispersed elastomer
particles within the PP matrix, as shown in Figure 1a
and 1b. These SEM micrographs recorded on the
cryo-fractured surface of the ICP14P and ICP15E

copolymers also reveal that particle size can be very
different even at practically the same elastomer con-
tent. The ICP14P with propylene-rich EPC has a finer
structure than the ICP15E with ethylene-rich EPC;
dispersed elastomer particles are hardly visible in
Figure 1a. The TEM micrograph recorded on the
ICP15E copolymer (Figure 1c) proves that the elas-
tomer particle itself might also be heterogeneous, with
a crystalline PE phase being embedded in the amor-
phous EPC. According to previous studies [24, 27], PE
crystallizes above 50 wt% ethylene content of the elas-
tomer, and the amount of crystalline PE encapsulated
increases with the increase of this latter quantity.
The results of DMTA measurements (see Figure 2)
offer further proof for the heterogeneous phase struc-
ture of the copolymers. The first peak observed at
low temperature on the tanδ vs. temperature correla-
tion can be assigned to the relaxation transition of
the elastomer while the other at higher temperature
to that of the amorphous phase of PP. The intensity
of the transition is more or less proportional to the
amount of the relaxing phase; increasing elastomer
content increases the intensity of the first transition
while decreases that of the second. The glass transi-
tion temperature of the elastomer (Tg) is also differ-
ent for the four copolymers. An ethylene-rich elas-
tomer phase with larger chain mobility and weaker
adhesion to the PP matrix has smaller Tg compared
to the one containing more propylene [25, 47].
The effect of composition on the characteristics of
ICPs is demonstrated quantitatively by the charac-
teristics of the relaxation transitions of the phases
(Table 2). The results of particle size analysis are
also included in the table. The ethylene content of
the elastomer influences particle size, which is larger
for copolymers containing an elastomer rich in eth-
ylene. However, it is important to note that besides
ethylene content, the size of the elastomer particles
is also affected by the viscosity ratio of the phases,
i.e., the elastomer and the matrix, and processing
conditions [37, 48]. Based on the data compiled in
Table 1, it seems that a smaller viscosity ratio favors
the formation of smaller particles. However, the ef-
fect of these latter factors, i.e. ethylene content of the
elastomer and the viscosity ratio of the phases, on
particle size cannot be separated unambiguously.

3.2. Properties
The results presented in the previous section have
shown that the phase structure of the copolymers
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varies in a wide range. This fact might make the
identification of the main factors determining their
properties difficult. Young’s modulus is important
for impact modification since it is related to the re-
sistance of the material against deformation. The
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Figure 1. Phase structure of the ICPs studied. SEM micrographs recorded on cryo-fractured surfaces and TEM image.
a) SEM, ICP14P, magnification: 2500×, b) SEM, ICP15E, magnification: 2500×, c) TEM, ICP15E, magnification:
26000×.

Figure 2. Relaxation transitions in ICPs. Loss tangent (tanδ)
vs. temperature correlations determined by DMTA
measurements.

Table 2. Characterization of the phase structure of the ICPs
studied; DMTA measurements and particle size
analysis.

Polymer

Relaxation transitions Mean particle
size of the
elastomer

[μm]

Elastomer Polypropylene
Tg

[°C] tan δ Tg
[°C] tan δ

ICP14P –48.6 0.032 0.3 0.051 0.11±0.03
ICP15E –58.2 0.034 2.8 0.054 0.72±0.35
ICP25P –38.4 0.047 0.6 0.045 0.65±0.25
ICP32E –50.7 0.056 –0.5 0.045 0.81±0.30



Young’s modulus of the copolymers is plotted as a
function of elastomer content and particle size in
Figure 3. Although particle size influences modulus
somewhat, elastomer content seems to dominate this
property. This observation is not surprising, as the
presence of soft inclusions always decreases stiff-
ness, and the effect becomes more pronounced with
increasing amount of the elastomer.
In addition, elongation-at-break reflecting the overall
deformability of the material can be related to impact
resistance. As shown in Figure 4, elongation-at-break
correlates strongly with particle size, while elastomer
content has a less clear effect on it. The decrease in
the deformability of the copolymers with increasing
elastomer particle size must be related to local defor-
mation processes taking place around the particles
upon loading. The results indicate that smaller parti-
cles might be more beneficial for impact modification.
Our assumption is corroborated further by the fact that
similarly to elongation-at-break, the integrated area
under the stress vs. strain curve, i.e., the toughness,
increases with decreasing particle size as well.
The dependence of the notched Charpy impact resist-
ance of the copolymers on elastomer content and
elastomer particle size is plotted in Figure 5. Both
factors influence impact resistance at 23°C, but fur-
ther analysis is needed to define the effect of the two
variables more exactly. Quite surprisingly, the ethyl-
ene content of the elastomer has no direct influence

on the properties of the copolymers because of its
overlapping effect with other factors and the limited
number of materials investigated.

3.3. HDPE modification
According to literature sources, embedded structure
forms commonly upon the addition of HDPE to PP
impact copolymers [33, 36, 37]. Indeed, as shown by
the SEM micrographs recorded on the cryo-fractured
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Figure 3. Young’s modulus of ICPs plotted as a function of
elastomer content and particle size. Full symbols:
elastomer content, empty symbols: particle size,
purple diamond: hPP reference.

Figure 4. The dependence of the elongation-at-break of ICPs
on elastomer content and particle size. Full sym-
bols: elastomer content, empty symbols: particle
size, purple diamond: hPP reference.

Figure 5. Notched Charpy impact resistance of ICPs. Effect
of elastomer content and particle size. Full symbols:
elastomer content, empty symbols: particle size,
purple diamond: hPP reference.



surface (see Figure 6) of selected ICP32E/HDPE
blends, the modifier is located mainly within the elas-
tomer particles and forms a common phase with the
already existing crystalline PE inclusions. The min-
imum observed at 25 wt% HDPE content on the
modulus vs. composition correlation (not shown) of-
fers further evidence for extensive embedding up to
this composition. The images presented also indicate
that by increasing the amount of HDPE, the dispersed
structure of the blends becomes more homogeneous,
and the size of the elastomer particles decreases. Par-
ticle size decreases continuously from 0.8 to 0.4 μm
by increasing HDPE content from 0 to 25 wt% in the

ICP32E copolymer. The effect of the amount of HDPE
content on the notched Charpy impact resistance of
the ICP32E copolymer is shown in Figure 7, together
with the effect of particle size. HDPE improves im-
pact strength from 53 to around 68 kJ/m2 since it in-
creases the effective elastomer content of the copoly-
mer by embedding, on the one hand, and decreases
the size of the particles, on the other. The observed
changes in structure are favorable for impact modifi-
cation, even if to a limited extent.

3.4. Local processes
SEM micrographs on fractured surfaces offer valu-
able information on local deformation processes oc-
curring in the material under the effect of external
load. Such micrographs are presented in Figure 8,
taken on the ICP15E and ICP32E copolymers, re-
spectively. The large voids observed in both images
indicate that intensive cavitation takes place in the
copolymers during fracture. The whitening of the sur-
face around voids visible on the micrograph of the
ICP32E copolymer (Figure 8b) proves that besides
cavitation, the other main local process is the shear-
yielding of the PP matrix in the copolymers.
The results of volume strain measurements shown in
Figure 9a corroborate our observations made above
even further. The large volume increase measured for
all copolymers is the result of the cavitation of the
elastomer particles since the shear-yielding of the ma-
trix is not accompanied by volume increase. The ex-
tent of cavitation might depend on several factors,
such as the elastomer content of PP, composition and
the properties of the elastomer and its particle size as
well. Copolymers containing ethylene-rich elastomer
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Figure 6. Embedded structure of ICP32E/HDPE blends. SEM micrographs taken on cryo-fractured surfaces. a) 10 wt%
HDPE, b) 20 wt% HDPE. Magnification: 5000×.

Figure 7. Notched Charpy impact resistance of ICP32E/
HDPE blends plotted as a function of HDPE con-
tent and elastomer particle size. Full symbols:
HDPE content, empty symbols: particle size, red
cirlces: neat ICP32E copolymer.



seem to cavitate to a larger extent. Although not pre-
sented, very similar micrographs and volume strain
traces were obtained for ICP blends containing
HDPE, proving that the mechanism of the local de-
formation processes does not change upon HDPE
modification.
The overall deformation of the copolymers can be
divided into components with the help of the results
of volume strain measurements; thus, local deforma-
tions can be analyzed further [49]. The analysis as-
sumes the additivity of linear (Equation (1)) and vol-
ume strains (Equation (2)):

(1)

where ε is strain, ∆l the change of length, l0 the initial
length of the specimen, while εel, εsh, εcav are the com-
ponents of strain resulting from elastic deformation,
shear-yielding, and cavitation. Similarly, also vol-
ume strain can be divided into components:

(2)

where ∆V is volume change, and V0 is the original
volume of the specimen. It must be mentioned here
that shear-yielding is not accompanied by volume in-
crease; thus, total volume strain does not contain
such a component.
From the definition of Poisson’s ratio (Equation (3))
follows that:

l
l

0
el sh cavf f f fD= = + +

V
V

V
V

V
V

0 0 0el cav

D D D
= +T TY Y
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Figure 8. Local deformation processes taking place in ICPs. SEM micrographs, taken on elongated, fractured specimens.
a) ICP15E, b) ICP32E. Magnification: 5000×.

Figure 9. Detection and analysis of local deformation processes occurring in ICPs. a) Results of volume strain measurements.
The determination of volume was carried out by following the change in specimen dimensions continuously during
deformation by using a camera system. Stress-strain correlations are plotted as reference. b) Deconvolution of
overall deformation for the ICP15E copolymer.



(3)

where ν is the Poisson’s ratio of the matrix, while as
shown by Equation (4):

(4)

where σ is stress and E is Young’s modulus. Besides
elastic deformation, only cavitation occurs in the ma-
trix, but the elastic component assumes a positive
value. Accordingly, the cavitation component of de-
formation in the matrix (Equation (5)) can be esti-
mated as:

(5)

Finally, the shear-yielding component of deforma-
tion is obtained by subtracting all other components
from the total deformation of the specimen (Equa-
tion (6)):

(6)

The deconvolution of deformation was carried out
for all materials investigated, and the result obtained
for the ICP15E copolymer is presented in Figure 9b.
As shown, the elastic component of deformation is
very small and becomes practically constant after a
certain elongation. On the other hand, the cavitation
component is large and increases continuously with
increasing strain. Although cavitation exceeds shear-
yielding at larger strains, this latter is considerable
as well and increases with elongation, similarly to
cavitation.

3.5. Correlations
Stiffness and impact resistance are two key properties
of impact-modified polymers. Therefore, these were
plotted for all materials as a function of elastomer
content, particle size, or both in Figures 10 and 11,
respectively. Since HDPE is embedded in the elas-
tomer and thus increases its amount, it is considered
elastomer in further discussions. Stiffness is appar-
ently dominated by and decreases considerably with
increasing elastomer content (see Figure 10). Impact
resistance is also influenced by elastomer content, but
particle size also affects it; smaller particles seem to
be more efficient in increasing impact strength than
larger ones (see Figure 11). However, some points

deviate significantly from both general trends indicat-
ing that the correlation is more complicated and thus
impact resistance is also affected by further factors.
The measured value of impact resistance is deter-
mined by the total energy absorbed by local defor-
mation processes taking place upon loading. All
processes consume energy, although to a different

sh el cavf f f f= - -

V
V

V
V

V
V

0 0 0
cav

cav el

f
D D D

= = -T TY Y

Eelf
v=

V
V

1 2
0 el

elo f
D

= -T QY V
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Figure 10. Young’s modulus of impact-modified PP poly-
mers plotted as a function of elastomer content.
Symbols: (♦) hPP, (●) ICPs, (■) ICP32E/HDPE
blends.

Figure 11. The dependence of the notched Charpy impact
resistance of PP copolymers on elastomer content
and elastomer particle size. Symbols: (♦) hPP,
(○, ●) ICPs, (□, ■) ICP32E/HDPE blends; full
symbols: elastomer content, empty symbols: par-
ticle size.



extent. The shear-yielding and cavitation components
of deformation were determined at the yield strain of
the materials and they are plotted in Figure 12 as a
function of particle size. As shown, shear-yielding
decreases with increasing particle size, while cavita-
tion remains practically constant in the entire particle
size range. Quite similar observations were made for
the effect of elastomer content since cavitation does
not depend on this latter variable either. On the other
hand, shear-yielding increases to some extent with
increasing elastomer content (not shown).
Linear regression analysis was carried out using the
Statistica software to find the correlation between
impact resistance and some other properties of the
materials studied. The model selected for demonstra-
tion (Equation (7)) includes Young’s modulus and
the shear-yielding component of deformation in the
following way:

(7)

where an is the notched Charpy impact resistance, A
is interception, and b parameters are the coefficients
for the effect of Young’s modulus and shear-yielding
on impact resistance. One might wonder about the
selection of these two particular quantities for mod-
eling. Modulus was taken into account since it re-
flects the resistance against deformation, as also
shown by another model developed earlier [50],
while the shear-yielding component of deformation

is proportional to the extent of the main energy-con-
suming local process [41]. The shear-yielding com-
ponent of deformation used for the analysis was de-
termined by the yield strain of the materials. The
results of the model are collected in Table 3, together
with the p values indicating the significance of the
given variable at a 95% confidence level. The smaller
the value of p, the larger the significance of the prop-
erty. Significant components are printed in bold in
the table. R2 indicates the goodness of the fit. The
nearly 0.9 value of this latter is quite large despite the
simplicity of the model. According to the results, both
the decrease in stiffness and the increase in the extent
of shear-yielding taking place during deformation
lead to improved impact resistance. Obviously, de-
creased stiffness decreases the resistance against
shear-yielding, resulting in considerable energy con-
sumption and, thus, increased impact resistance. The
goodness of this simple correlation presented above
is confirmed further by the results of Figure 13. As

a A b E b1 2n shf= + +
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Figure 12. The shear-yielding and cavitation component of
deformation plotted against the particle size of
the elastomer. Symbols: (○) shear-yielding, ICPs,
(□) shear-yielding, ICP32E/HDPE blends, ()
cavitation, ICPs, () cavitation, ICP32E/HDPE
blends.

Table 3. Results of the modeling of the correlation between
Young’s modulus, the shear-yielding component of
the deformation, and the impact resistance of ICPs
(Equation (7)).

Property
Coefficient Significance,

p R2
Parameter Value

Intercept A 119.029 0.00005

0.8886
Young’s 
modulus, E b1 –97.646 0.00024

Shear-yielding,
εsh

b2 399.705 0.01009

Figure 13. Correlation between the predicted (Equation (7))
and measured impact resistance of ICPs and their
blends containing HDPE.



shown, the correlation between measured and predict-
ed (Equation (7)) impact resistances is very close.
Stiffness is determined by elastomer content, while
particle size mainly defines shear-yielding, as shown
earlier in this section. Accordingly, the modeling of
impact resistance was carried out also by considering
these two factors and their interaction as well (Equa-
tion (8)). The model created can be expressed as:

(8)

where the meaning of an, A, and b parameters are the
same as in the previous model while we is the weight
fraction of the elastomer and de is the particle size of
this latter. The result of the analysis is summarized in
Table 4, while the correlation between impact resist-
ances measured and predicted by the model (Equa-
tion (8)) is plotted in Figure 14. The most important
message of the model is that elastomer content is not

the sole factor influencing impact strength, particle
size is equally important. However, the ethylene con-
tent of the elastomer is not represented in the analy-
sis since it could not be calculated properly for the
blends prepared by the addition of HDPE because of
the dissimilar effect of this latter on structure and
properties compared to amorphous PE sequences in-
troduced into the elastomer during polymerization.
Increasing elastomer content and decreasing particle
size increase the amount of soft interphase formed
at the contact surface of the PP matrix and the elas-
tomer. The increasing amount of soft interphase
leads to a larger extent of shear-yielding and, thus,
to improved impact resistance. Finally, it should be
noted here that the small p-value obtained for the in-
teraction of elastomer content and particle size in the
model indicates that these two factors are not com-
pletely independent of each other.
Besides the general overview of the structure-prop-
erty correlations of PP impact copolymers, which
was the focus of the majority of previous studies,
simple models were created for the first time with
the help of linear regression analysis describing the
dependence of the impact strength of these materials
on various factors. Even if the models need further
verification because of the number of simplifications
applied as well as the omittance of certain character-
istics, such as the ethylene content of the elastomer,
they may contribute to the further development of
impact-modified PP materials in the future.
The findings of the study also highlight the practical
relevance of shear-yielding in impact modification.
Modifiers promoting the considerable shear-yielding
of the matrix polymer increase impact resistance ef-
ficiently. The extent of shear-yielding strongly de-
pends on interfacial interactions; weak adsorption of
polymer chains on the surface of the modifier favors
the occurrence of this latter process. Contrary to the
results of some earlier reports [43, 51], cavitation
taking place in elastomer-modified PP has no detri-
mental effect on impact strength. However, the ener-
gy consumption of cavitation is negligible, and thus,
it does not improve impact resistance either. Finally,
it must be noted that the modification of ICPs with
another component, HDPE, in this case, is not ben-
eficial. The property improvement achieved is not
significant, on the one hand, and the modification re-
quires an additional processing step, which is not
economical, on the other.

a A b w b d b d1 2 12n e e e= + + +
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Table 4. Investigation of the main factors determining the
impact resistance of ICPs. Results of the linear re-
gression analysis based on Equation (8).

Factor
Coefficient Significance,

p R2
Parameter Value

Intercept A 41.832 0.01761

0.8739

Elastomer weight
fraction, we

b1 11.739 0.81174

Elastomer
particle size, de

b2 –73.825 0.04161

Weight
fraction·particle
size, wede

b12 269.819 0.06039

Figure 14. Impact resistance predicted by the model of
Equation (8) plotted against measured values for
ICPs and their blends with HDPE.



4. Conclusions
The results obtained on four different PP impact
copolymers of multi-phase structure and on their
blends with HDPE proved that elastomer content
and elastomer particle size are equally important fac-
tors in determining impact resistance at ambient tem-
perature (i.e., above the Tg of the matrix hPP). Shear-
yielding and cavitation are the main local deforma-
tion processes taking place in the copolymers upon
loading. Large elastomer content and small particle
size facilitate shear-yielding and thus improve im-
pact strength. Contrary to shear-yielding, cavitation
does not consume much energy; thus, its effect on
impact resistance is small; it does not increase or de-
teriorate impact strength. The addition of HDPE to
PP impact copolymers results in embedded structure
and thus increases the effective elastomer content,
on the one hand, and decreases particle size, on the
other. Accordingly, HDPE improves impact resist-
ance to some extent but not very efficiently.
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