Crack-Resistance Behavior of Polypropylene Copolymers
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ABSTRACT: Two heterophasic reactor-grade propylene—ethylene copolymers (RA-
HECO®) were diluted with propylene—ethylene random copolymers to obtain materials
with constant EPR/PE-particle diameter but various interparticle distances. According
to the results of instrumented impact tests, brittle-to-tough transitions were found at
different temperatures. The critical interparticle distances shift linearly over the ob-
served range of temperature. Critical interparticle distances could be determined not
only in the region of predominantly unstable crack growth but also in the region of
predominantly stable crack growth. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 79:

2317-2325, 2001
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INTRODUCTION

Polypropylene is characterized by a poor low-tem-
perature impact behavior because of its relatively
high glass transition temperature. Modifying by
elastomer particles improves the fracture tough-
ness. PP/EPR blends can be more effectively pro-
duced by polymerization of the monomers directly
in the reactor. In this way, it is possible to get
materials with distinctive, well-dispersed mor-
phologies.

The size, shape, and spatial packing of elas-
tomer particles varied by manufacturing and pro-
cessing conditions are important parameters in
controlling the micromechanical and mechanical
behavior of PP/EPR blends and copolymers.

Wu'! explained that a critical interparticle dis-
tance or critical matrix ligament thickness exists,
below which the notched Izod impact strength of
nylon blends increases rapidly. He defined this
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increase of notched Izod impact strength as brit-
tle-to-tough transition, and the critical value of
interparticle distance, A, as a specific parameter
of the material. Borggreve® and Margolina®
showed that the critical interparticle distance in
nylon blends is strongly affected by rate, method
of loading, and test temperature. They proved an
approximately linear dependence of the critical
interparticle distance on temperature.

The aforementioned theories about the nature
of transition from brittle to tough are based on
conventional notched impact strengths. In con-
ventional impact tests specimen fracture must
occur; otherwise, no values can be determined.
That means only a part of stable crack growth is
included in the “notched impact strength.” On the
basis of the conventional notched impact strength
it is not possible to separate the stable and the
unstable part of the crack growth process. There
is a possibility that the controversial discussion
about the nature of transition from brittle to duc-
tile mode of fracture is due to the fact that the
crack growth behavior is unknown.

Fracture mechanics tests for unstable crack
growth as well as stable crack growth are de-
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scribed. By means of the application of approxi-
mate methods it is also possible to get fracture
mechanics values over the whole range of temper-
ature and experimental conditions even if no un-
stable crack growth occurs.

EXPERIMENTAL

Fracture Mechanics Characterization

A Charpy impact tester with 4 J work capacity
was used and load (F)—deflection (/) curves were
recorded.*® Semiconductor strain gauges were
used to measure the impact load. The deflection
was recorded with the help of a photo-optical sys-
tem. The dimensions of the injection moulded sin-
gle edge notched bend (SENB) specimens were
length L = 80 mm, width W = 10 mm, and
thickness B = 4 mm. The specimens were
notched with a razor blade (notch tip radius = 0.2
um). For these specimens the test conditions were
optimized by simulating specimen loading by a
finite element method.® Experimental parame-
ters were initial crack length ¢ = 2 mm (a/W
= 0.2), support span s = 40 mm (s/W = 4), and
pendulum hammer speed vy = 1.5 ms™'. With
regard to the elastic-plastic material behavior of
polymers for the determining of J-integral values,
the evaluation method by Sumpter and Turner’ is
especially suited for assessing the toughness be-
havior. A separation of the specimen deformation
energy of test specimen, A, in an elastic share,
A, and a plastic share, A, is necessary for the
calculation of J-integral values to correspond to
this method. Therefore, eq. (1) was used for the
determination of crack resistance values against
unstable crack growth
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where F gy and fgy are the load and deflection at
the transition point from elastic to elastic-plastic

material behavior; and E; is the dynamic flexural
modulus according to ISO 178.%

If the deformation process is characterized by
dominant stable crack growth, an additional en-
ergy part occurs—the so-called “crack propaga-
tion energy,” Ag—and fracture mechanics values
against stable crack growth must be used for
toughness characterization. The evaluation of
these fracture mechanics values requires the de-
termination of crack resistance (Jy) curves. One
well established method to determine Jy curves is
the stop-block technique,” where the input pen-
dulum hammer speed is constant. Different
amounts of stable crack growth are produced by
varying the limitation of deflection.

Whereas the specimen geometry is the same as
in the unstable region, the optimized test condi-
tions change. The initial crack length amounts to
4.5 mm (a/W = 0.45). For the determination of
crack resistance curves, the usual multiple spec-
imen technique was applied. The experimental
results in refs. 10 and 11 show the necessity of the
load separation. Therefore, the calculation of J-
integral values against stable crack growth fol-
lowed eq. (4).
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The constructed Jy curves enable the quantifi-
cation of the critical value at the onset of stable
crack initiation, for instance, the technical crack
initiation value, J ,, and also the determination
of materials resistance against stable crack
growth with the tearing modulus, T';.

dJ E;

Ti= d(aa) o2 ®

By using the J — T-stability-assessment dia-
grams'? (see Fig. 1) it is possible to determine
unstable crack toughness values, if no unstable
crack growth occurs under the experimental test
conditions chosen. Figure 1 shows the implemen-
tation of a graphical transformation of a crack
resistance curve in a J — Tj-stability-assessment
diagram as an example of a typical PP material.

According to a suggestion of Paris and John-
son'? the intersection between a load line and the
Jg-curve can be determined following eq. (6).
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Figure 1 Graphical transformation of crack resis-
tance curve (a) in a J — Tj-stability-assessment dia-
gram (b) using unstable J4-parameter; B; is charac-
terized by the slope of origin line used for determina-
tion of JgF; point of unstable crack growth is
intersection between origin line and J — Tj-curve.

Ji* = ByT'sa (6)

where B is the material specific parameter.

The slope of this linear function, B, is deter-
mined by the position of the unstable value of J
(“instability point”) on the J — T'j-curve. For the
PP material shown in Figure 1 the value of B; is
By = 2.2. Generally, values were found for B;
between 0.1 to 31.* With such J — T';-stability-
assessment diagrams the possibility for the un-
stable toughness characterization in the whole
range of temperature and composition is given
independent of the crack growth process.

Additionally, the investigated materials were
characterized by:

1. dynamic mechanical analysis (DMA), to de-
termine the glass transition temperature,
T, of the amorphous PP phase and EPR
rubber,

2. differential scanning calorimetry (DSC), to
detect the crystallinity and the crystalliza-
tion temperature,

3. further mechanical tests, to determine the
flexural modulus and the notched Charpy
impact strength of the materials,

4. transmission electron microscopy, to ana-
lyze the morphology of the materials (inter-
particle distance A, particle diameter D).
The microtomed ultrathin sections were
stained with rutheniumtetroxide (RuO,)
vapor.

Materials

For the investigations, two different PP/EPR co-
polymers (heterophasic ethylene—propylene ran-
dom copolymers—RAHECO®!?) were used, which

are designated as material 1 and material 2. The
matrix material of material 1 is an ethylene—
propylene random copolymer with 4 mol % ethyl-
ene in the propylene chain. The ethylene—propyle-
ne-rubber (EPR) particles are core shell particles
with a PE lamellae core and an EPR shell.

Material 2 is also a combination of an ethyl-
ene—propylene random copolymer and EPR parti-
cles, but with 8 mol % ethylene in the propylene
chain. The EPR particles contain up to 5 crystal-
line PE inclusions. The particles are smaller and
finer dispersed than in material 1.

Both basic materials were melt compounded
with the matrix material to lower particle concen-
trations in a single-screw extruder. The random
copolymers used for the dilution were ethylene—
propylene copolymers with comparable molecular
structures as the matrix materials. The speci-
mens were produced by injection moulding.

RESULTS AND DISCUSSION

Basic Characterization

Mechanical and thermal behavior as well as the
characteristic material parameters are given in
Tables I and II.

The phase separation during copolymerization
is indicated by separately detected tan & peaks of
PP and EPR glass transitions. The PP glass tran-
sition temperature of 1°C (material 1) respec-
tively —5°C (material 2) is not affected by blend-
ing processes. In contrast to that, a T, shift of
EPR for material 2 was observed.

For the description of the mechanical behavior,
the flexural modulus E;, the flexural strength at
peripheral strain of 3.5% according to DIN
43453,' and the Charpy impact strength a . of
notched specimens according to ISO 179'® were
used. Whereas the flexural modulus and the flex-
ural strength decrease with increasing RA-
HECO® content, the Charpy impact strength of
both materials increase with increasing RA-
HECO® content. In the range from 30 to 65 wt %
the toughness of material 2 increases rapidly, and
above 65 wt % it is nearly constant.

Morphology

Adjustment of matrix and elastomer viscosity in
combination with random copolymerization of PP
with ethylene, which decreases the surface ten-
sion between the two phases, realizes a very fine
morphology of the materials.
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Table I
Flexural
Composition Glass Transition Crystallization
branrco/ Pratrix Temperature of EPR Temperature Modulus Strength a.n(+23°C)
(Wt %) T4(°C) T.(°C) E(MPa) o (MPa) kJ/m?
100/0 —51.4 110 586 15.3 19.5
90/10 -52.0 111 589 154 16.3
80/20 —51.7 109 641 16.8 14.7
65/35 —52.8 109 686 18.2 114
50/50 —52.2 108 745 19.7 9.8
35/65 —53.8 108 798 21.3 8.1
20/80 —54.3 107 861 23.0 6.6
10/90 —52.2 106 899 24.2 6.3
0/100 — 104 1009 27.1 4.8
Figure 2 shows the average interparticle dis- vides to a good adhesion between the matrix and
tance and the average particle diameter for both modifier particle [Fig. 3(a)].
materials. For material 1, the average interparti- At 100 wt % RAHECO® the particles in mate-
cle distance decreases from 4.7 um at 10 wt % rial 2 are smaller and finer dispersed than in
RAHECO® to 1.2 um at 100 wt % RAHECO® [Fig. material 1. The internal structure of the particles
2(a)]. Material 2 shows also a decrease of average consist of up to five PE-rich inclusions, which are
interparticle distance with increasing RAHECO® not clearly separated from each other. Within the
content from 2.2 to 0.36 um [Fig. 2(a)]. The aver- inclusions, single PE lamellae exist. The PE-rich
age particle diameter is nearly constant for ma- inclusions are surrounded by a dark amorphous

terial 2. For material 1, an increase of particle shell of EPR also [Fig. 3(b)].
diameter from 0.5 to 0.9 um with increasing RA-

HECO® content was observed [Fig. 2(b)]. Fracture Mechanics Tests
The elastomer particles are well dispersed in
the matrix in both materials, as illustrated in the The crack-resistance values against unstable
TEMs (Fig. 3). In the micrographs, the particles crack growth J5! and the approximated values
appear dark owing to staining with RuO,. Mate- Qd in dependence on interparticle distance and
rial 1 shows approximately a core shell structure. test temperature (—20°C = T = 40°C) for mate-
The higher magnification represents the internal rial 1 are given in Figure 4. For temperatures
structure of EPR/PE particles. The PE inclusion above T' = 23°C, a very strong rise of toughness
is surrounded by a dark shell of EPR, which pro- properties can be observed. The dependencies in
Table IT
Flexural
Composition Glass Transition Crystallization
OrarEco/ Pratrix Temperature of EPR Temperature Modulus Strength A (+23°C)
(wt %) T(°C) T,°C) E.(MPa) o(MPa) kJ/m?>
100/0 —47.1 98.8 329 8.9 69
90/10 —46.8 98.8 363 9.9 70.6
80/20 —47.6 98.5 401 10.8 70.3
65/35 —49.9 97.3 459 12.5 68.4
50/50 —51.3 97.7 514 14.1 54.6
35/65 —51.8 97.2 583 16 16.6
20/80 —54.4 96.5 652 17.8 114
10/90 —55.0 96.2 697 19.1 94

0/100 — 94.3 730 21.9 7.6
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Figure 2 Average interparticle distance, A (a), and

average particle diameter, D (b), in dependence on RA-
HECO®-content of material 1 and material 2.

Figure 4(a) explain that the determination of
quantitative dependencies of crack-resistance
values against unstable crack growth with con-
ventional experimental fracture mechanics val-
ues (J37) is impossible due to a change in the
dominant crack growth mechanism from unstable
to stable. In the stable region no specimen frac-
ture occurs (for instance, at T = 23°C and inter-
particle distances of A = 1.4 um), and therefore,
no J5i values can be determined.

With increasing test temperature the brittle-
to-tough transition shifts to higher interparticle
distances and critical interparticle distances can
be determined. The strong increase in toughness
above the critical interparticle distance cannot
only be reduced on the influence of temperature
but also highly on the influence of the structure.

The critical interparticle distance increases
strongly with temperature, and is independent of
glass transition temperature of PP [Fig. 4(b)].
Based on the experimental data from all test tem-
peratures it is possible to describe this correlation
with an empirical equation [Fig. 4(b)]. These val-
ues of the critical interparticle distance, A, are
independent of specimen geometry, specimen di-
mensions, and the applied experimental method.
For that reason, the values can be understood as
intrinsic material parameters.

The results for material 2 are shown in Figure
5. Here, a similar material behavior can be
proven. The toughness increasing at 7' = 23°C is
much higher than in material 1. A linear depen-
dence between A . and test temperature was found
also.'® Differences between the constants of the
linear fits should be influenced by molecular pa-
rameters of the different matrix materials and
different particle structures. For specification of
these empirical constants the temperature depen-
dencies of brittle-to-tough transitions of several
polymer blends based on different materials as
well as materials with distinctive morphologies
have to be investigated.

From the temperature dependence of J3 it
becomes clear that the mechanical behavior
changes in a characteristic manner. Typical load
(F)—deflection ( f) curves of materials with differ-
ent interparticle distances are shown in Figure 6.
In the materials, two transitions in the load-
deflection behavior can be observed. A sharp
notched PP specimen exhibits brittle failure un-

Figure 3 TEMs of particle distribution and internal
structure of EPR/PE particles of material 1 (a) and
material 2 (b) at different magnifications.
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Figure 4 Influence of particle distance on the critical
Jia- and J2PP-values (a) and critical interparticle dis-
tance A, for the brittle-to-tough transition of material 1
vs. temperature (b).

der impact conditions. The material behavior can
be characterized as linear—elastic. The first tran-
sition occurs from pure elastic (a, b) to elastic—
plastic material behavior with decreasing inter-
particle distance (c). In both cases the materials
break in a brittle manner. The crack growth is
predominant unstable. The second transition to
predominantly stable crack growth without spec-
imen fracture is characterized by a large increase
in toughness, and the brittle-to-tough transition
can be determined. At the end of this process only
stable crack growth without specimen fracture
occurs [Fig. 6(d)]. All materials with such load—
deflection behavior are not considered by the de-
termination of critical interparticle distances
(Figs. 4 and 5).

The determination of fracture mechanics val-
ues as resistance against stable crack growth re-
quires the determination of the correlation be-
tween a fracture mechanics loading parameter
and the stable crack growth, Aa. The concepts of
yield fracture mechanics (i.e., J-Integral and
COD concept) are well established for the deter-
mination of the loading parameters in the case of
elastic—plastic material behavior. Between the

limits of J, respectively, 6-controlled stable crack
growth, the Jg, respectively, 8y curves, character-
ize the crack resistance in the ductile failure area.
By that, it is possible to quantify the stages of
stable crack growth process: crack tip blunting,
crack initiation, and stable crack growth.

The experimental investigations about the in-
fluence of the test methods*® for determination of
dynamic crack resistance curves show that the
multiple specimen stop-block technique is the ex-
perimental basis for a reproducible determination
of the fracture mechanics values.

The Jg curves of material 1 at 7' = 30°C for
different interparticle distances are given in Fig-
ure 7. With decreasing interparticle distance an
obviously increasing of the technical crack initia-
tion values (J, 5) as well as the tearing modulus
T'; can be proven. In the right part of Figure 7 the
Jy 5 values as a function of the interparticle dis-
tance at ' = 30°C are shown. The crack initiation
values show a strong decreasing in dependence on
interparticle distance between 1.2 and 1.5 um,
and the determination of a critical interparticle
distance at A, = 1.4 um is possible.

On principle, the dependencies J, , = f(A) and
JiL = f(A) show a similar behavior. That means
two transitions occur—one in the region of pre-
dominant unstable crack growth, and a second in
the region of predominant stable crack growth.

80 a
oy L8]
E &0 LI
_
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£ 40 4 e
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_ » T- 0°C
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Figure 5 Influence of particle distance on the critical
Jia- and J2PP-values (a) and critical interparticle dis-
tance A for the brittle-to-tough transition of material 2
vs. temperature (b).
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Figure 6 Load (F)-deflection (f) curves of selected
materials recorded with the instrumented Charpy im-
pact test (material 2).

This second value is clearly smaller than the
value in the region of unstable crack growth. Be-
low both “critical interparticle distances” a char-
acteristic increasing of toughness values occurs.

SEM observations (Fig. 8) show that cavitation
is the main deformation mechanism in these ma-
terials below the second “critical interparticle dis-
tance.” The materials differ only in the number of
cavities; that means in the intensity of the cavi-
tation process [Fig. 8(a), predominant unstable
crack growth below first “critical interparticle dis-
tance”; Fig. 8(b), predominant stable crack
growth in the region of second “critical interpar-
ticle distance”]. A further decreasing of interpar-
ticle distance results in an overlapping of cavita-
tion and fibrillation processes [Fig. 8(c), above a
second “critical interparticle distance”]. The
quantity as well as the quality of the deformation
process changes. The cavitation process itself can

» v T-30°C
16 — A
B A=20 pm E 3 o
® A=145um Z \
A = = )
1 A7 14 pm ) \,\
Y A=13 um
2 ® A=12 um e
. .
£ v 1.0 1.5 20 25
Z & A (um)
-
4 -
0 . .
0.2 0.4 0.6 0.8

Aa (mm)

Figure 7 Jy curves of material 1 (T = 30°C) and
technical initiation values, </, , vs. average interparti-
cle distance A.

Figure 8 SEMs of material 1. (a) Cavitation in the
damage zone, unstable crack growth, average interpar-
ticle distance A = 2.9 um; (b) cavitation in the region
of stable crack growth, average interparticle distance A
= 1.4 um; (c) cavitation and fibrillation in the region of
stable crack growth, average interparticle distance A
= 1.3 um.

be reduced to deformation processes in the EPR

shell or on the interface EPR/PE, respectively.
Material 2 shows comparably results (Fig. 9).

With decreasing interparticle distances technical
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Figure 9 Jy curves of material 2 (T = 23°C) and
technical initiation values, J, 5, vs. average interpar-
ticle distance A.

initiation values and tearing modulus increase,
and a second “critical interparticle distance” can
be determined also. The calculated value (A,
~ 0.4 um) is clearly smaller than the value in the
region of the unstable crack growth.

The effect of a second “critical interparticle dis-
tance” presented as tough-to-high impact transi-
tion was found in other PP blends at different test
temperatures.*!”

On the basis of the different crack growth
mechanisms and, therefore, on the basis of differ-
ent fracture mechanics values a brittle-to-tough
and a tough-to-high impact transition can be
proven. For a direct comparison of both materials
it is necessary to use the (A/D), (critical interpar-
ticle distance to particle diameter) ratio. Figure
10 shows the (A/D). in dependence on tempera-
ture for both materials. The two characteristic
dependencies in the region of predominant unsta-
ble crack growth and in the region of predominant
stable crack growth are represented. In both ma-
terials a stronger dependence on temperature for
the unstable than for the stable crack initiation
values can be proven. On the basis of the results
given in Figure 10, two additional effects are ev-
ident: (a) In material 2, toughness increasing
starts above the glass transition temperature of
the EPR, and in material 1 above the glass tran-
sition temperature of the PP. Altogether, the
toughness increasing in material 2 is much
higher than in material 1. (b) To change the pre-
dominant crack growth mechanism from unstable
to stable in the more brittle material (material 1)
a stronger reduction of interparticle distance is
necessary than in the tougher material (material

2). That means the differences between these val-
ues become larger.

The toughness optimization in the region be-
tween the glass transition temperatures of the
EPR and the PP, i.e., low-temperature toughness,
requires an adjustment of particle diameter and
interparticle distance to matrix material.

The results of the fracture mechanics tests in-
dicate a validity of Wu’s percolation theory! if
predominant unstable fracture occurs. In the re-
gion of predominant stable crack growth, the the-
ory by Margolina et al.® is valid. This theory is
based on the consideration that changes from
plane strain to plane stress conditions in thinner
matrix ligaments (i.e., with decreasing interpar-
ticle distance) reduces the critical stress for ma-
trix yielding.

In both theories™® the matrix deformation pro-
cesses are primarily considered. As can be proven,
for example, in ref. 16, the particles play a deci-
sive role in the deformation process. Therefore, it
is necessary to include the deformation processes
of the particles in the discussion. These consider-
ations must be specified, and their validity must
be checked on other materials.

CONCLUSIONS

1. Heterophasic reactor-grade propylene—eth-
ylene copolymers were diluted with a matrix-
like propylene—ethylene random copolymer
to obtain materials with constant particle
diameter but various interparticle distances.

2. Based on optimized test conditions, it is

A& Material 1 [30°0]
. W Material 2 (23°C)

1o |||||:||
1.2

¢

(A

— - High Impact Toughness

40 =30 =200 -10 0 10 20 3040 50
Temperature (°C)

Figure 10 Dependence of critical ratio (A/D), (inter-
particle distance to particle diameter) on temperature
in the region of stable and unstable crack growth.
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possible to determine geometry-indepen-
dent fracture mechanics values as resis-
tance against unstable and stable crack
growth. These intrinsic values enable a mi-
cromechanical interpretation of toughness
mechanisms.

3. The application of a new technique, called
“J — T;j-stability-assessment diagrams”,
allows the description of toughness depen-
dencies on temperature.

4. The crack-resistance behavior is strongly
affected by the critical interparticle dis-
tances and the temperature. Critical inter-
particle distances can be determined in the
region of predominant unstable crack
growth as well as in the region of predom-
inant stable crack growth.

5. With increasing temperature, the brittle-
to-tough transition in the region of unsta-
ble crack growth shifts to higher interpar-
ticle distance, and can be described with an
empirical equation.

6. The toughness characterization in the re-
gion of predominant stable crack growth
requires the determination of crack resis-
tance curves. The structural parameters of
morphology, like interparticle distance or
(A/D), ratio, have a stronger influence on
crack growth behavior than on the crack
initiation behavior.

OUTLOOK

For fracture toughness optimization of polymers
and evaluation of structural integrity assessment
of components the fracture mechanics of polymers
has been intensively researched during the past
years with the aim to develop the field application
of fracture mechanics values. Several fracture
mechanical parameters have been proposed for
the evaluation of the crack-resistance behavior.
In the first step, until 1985, the determination of
fracture mechanical behavior was accomplished
on the basis of the LEFM and EPFM concepts,
and fracture mechanics values against unstable
crack growth were determined.* In the second
level, the fracture—mechanical assessment was
accomplished on the basis of the Jg-integral
curves. On this level, all scientists work currently
all over the world. The quantitative integration of
the crack growth behavior is indispensable for an

effective application of the fracture mechanics
values on materials development. Only a few
works consider the time dependence of the frac-
ture mechanical assessment. A quantity of in-
stinct and spirit is necessary to obtain an im-
provement and a rise of knowledge in the up-
coming years.
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