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Abstract

The automotive industry continues to expand its use of polymeric materials, which provide more
cost effective, strength and durability than metals or ceramics. Thus, a better understanding of
the mechanical behavior and microstructural characterization of polymers is essential to develop
their improved strength and toughness. This paper describes the deformation and fracture study
of commercially available semicrystalline polypropylene (PP). The specimen were subjected to
tensile stress using a tensile testing machine and intentionally stopping at three different strain
levels (10%, 20%, 35%). Samples were sectioned into different regions and then, using a
scanning electron microscope (SEM), studied for microstructural changes, specifically
characterization at each extension of the process of crack initiation and propagation. Other
techniques, such as x-ray diffraction (XRD) were also employed to determine the crystallinity of
the specimen, both on the surface and of the powder collected from the bulk.
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1. Introduction

Due to their strength, toughness, durability, ductility and thermal resistance, polypropylene and
its composites are materials of choice for various industrial applications [1, 2]. However, their
fracture behavior varies according to different test conditions. For example, under normal
conditions, PP offers good mechanical strength and thermal resistance properties; however, when
the operating temperature is set at sub-ambient level, PP shows only moderate fracture
performance [3, 4]. The primary factors informing fracture performance are molecular weight,
the nature of the crystal phase, crystallinity and spherulite size, which in turn vary according to
the conditions under which the material was prepared and according to the microstructural
morphology. Hence studying factors that are responsible for fracture behavior is essential to
develop materials that are resistant to cracking as well as capable of reacting well to stress after
initial cracks appear [5-8]. Numerous papers address the improvement of semicrystalline
polymer mechanical behavior [1-5]. Copolymerization, the process of blending various additions
of elastomers with PP, has significantly improved PP’s impact resistance [9-12]. The elastomers
reported to be effective include maleated ethylene-propylene random copolymer (EPR),
maleated ethylene-propylene-diene monomer (EPDM), and maleated styrene-ethylene-butylene-
styrene block copolymers (SEMB) [13-15].
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These functionalized polymers copol ymerize with PP and establish a strong bond between the
phases. In addition, various filling materials, such as glass beads, talc, CaCOs or reinforcing
fibers (short glass fibers, glass), are aso being added to improve the stiffness and strength of PP
[13]. Microscopy techniques provide means to evaluate the distribution of such additives and the
changesin PP's mechanical behavior which they produce, ultimately to better understand the
quality improvement generated via the copol ymerization process. .

The present work will investigate the factors responsible for fracture behavior in commercially
available semicrystalline PP, first examining the sample microstructure at different stages of
extension and then correlating the XRD and tension test results to the material/microstructural
properties.

2. Materials and experimental details
2.1 Materials

MacMaster supplied the polypropylene (ref. # 2898K) manufactured by Poly Hi Solidur Inc. in
sheet form having dimension 12" x 12”.

2.2 X-ray diffraction (XRD)

XRD anaysis was performed both on the surface and on a powder sample from the bulk of the
specimen using CuKa radiation (A = 0.54 nm). A Rigaku x-ray diffractometer (Ultimalll) at a
voltage of 40 V and current of 40 mA and a step size of 0.24 deg min™ in arange of 1-50 degree
was used. Silicon powder was used as aninitial calibration reference.

2.3 Tensile Testing

The samples were subjected to tension test using the Instron 5869 tension testing machine. An
axial load was increased at a strain rate of 0.01/s. Each test was intentionally stopped at
graduated strain levels: 10%, 20%, and 35%. An untested sample was maintained as a control.
2.4 Scanning Electron Microscopy (SEM)

After tensile testing, the samples were sectioned in different regions and then sputter-coated
(magnetron sputter coater, such as the Quorum K550X) with platinum to obtain finer
microstructure. A JSM-Jeol 6500A scanning electron microscope was used.

2.5 Image Acquisition

To analyze the polypropylene images, aMATLAB program, developed at the Center for
Advanced Vehicular Systems, was used as an image postprocessor. The program requires the
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user to identify different properties of the image (e.g., scale number) in um, smallest areato
consider for analysis (in pixels), and the length of the scale bar. Using these values, the program
computes the scale in um/pixel ratio to theimage. Each of the images used in this study
contained 2558 x 1926 pixels with each pixel represented by a grayscale value in the range of O
(black) to 255 (white). The areas considered for analysis were 0.001 and 0.0001um2. The
program considers all values below the user-inputted threshold values as a pore. The program
then takes the selected image and highlights the poresin red. The program can calcul ate the
area, the mgjor axis length, the orientation of each pore, the first neighbor distance, and the
minor axis length.

3. Results and Discussion
3.1 XRD measurement

Figure 1 shows the XRD patterns of semicrystalline PP obtained from the surface and from the
powder collected in different regions of the bulk. The diffraction patterns from the bulk show
promising sharp crystalline peaks with hkl values of 110, 040, 130, 111, and 060 that are absent
from the surface analysis. This result reveals that the outer surface was totally composed of
amorphous phases, whereas the inner region was made up of mostly crystalline phases. The
crystal growth was restricted to near the surface because of localized defects, including chain
ends and high chain mobility. Using the MDI Jade 8.0 software to estimate crystallinity from the
peak integration, the value was recorded as approximately 95%. A scanning electron micrograph
was taken at the defects region (Figur e 2), which occurred at depths of up to several
micrometers from the surface. The crystalline phases appear like thin plates stacked one above
the other and are separated by alayer of amorphous materials. This arrangement allows the
polymer chainsto easily slide over each other which, in turn, changes the properties of
brittleness, toughness, stiffness or modulus, optical clarity, creep or cold flow, shear strength,
barrier resistance, and long term stability. Consequently, the arrangement of these crystalline
phases (parallel or perpendicular to the applied stress) completely controls the fracture behavior..

3.2 Tensile test

Figure 3 shows the tensile test results of PP stressed at different elongation levels. The specimen
appearance after tensile testing and where the cuts were made for microstructural investigations
areshown in Figure 4.

3.2.1 Stress-strain relationship

In general, when an external forceis applied to polymeric materias, it first deforms elastically or
visco-elastically. When the load is removed, the elastic and visco-elastic deformations
completely and spontaneously disappear. However, if the force exceeds a certain threshold,
permanent (irreversible) deformation occurs. When a critical stress extends beyond the fracture



UNCLASSIFIED

level, the sample breaks. Figure 3 illustrates PP’ s stages of deformation (from points a through
d) during tension testing. Three main changes occurred: neck formation, cold drawing, and
strain hardening during the elongation up to several times the original length. Both
morphological defects as well as crystalline and amorphous phases mainly controlled these
changes. Early in the test, the specimen experienced typical elastic deformation and then
returned to its original form upon load- release. Specifically, at the yield point, the strain
changed from elastic to plastic.

According to the graph in Figure 3, as the load continues to increase, necking occurs at the
location where the polymer absorbs energy, i.e., where the stressis concentrated. As extension
increases past the yield point, the load appears to decrease. Notably, once necking begins, the
geometry of the sample continues to change, which affects the values for the load. Although the
sampl e continues extending, the load values are skewed because the cross-sectional area of the
sample gets smaller. After the cold drawing region, the load value starts to increase again. Strain
hardening is experienced at these values until fracture. The PP samples were not tested until
failure; rather, the tests were stopped at 35% strain. In this study, necking was observed in the
specimen at 20% and 35% strain as shown in Figure 4. In order to study the morphological
changes between samples, and within regions of each sample, the samples were cut and prepared
for microscopy investigation.

3.3. Fracture mechanism of PP

The primary factors that determine the fracture mechanism or failure mode of semi-crystalline
PP are surface morphological defects, orientation of the crystalline phases, and distribution of
amorphous phases.

3.3.1. Effect of morphological defects

There are many factors responsible for the initiation of morphological defectsin semi-crystalline
PP or very high degree crystalline polymers: interspherulitic defects—a weak interface;
interlamellar defects—absence of amorphous phase in between crystalline lamellae, i.e., alack
of tie molecules ; and intralamellar defects—morphological defects such aslow molecular
weight fraction, chain ends, and chain branching. These factors can contribute to the initiation of
brittle fracture. Figure 5 (a) and (b) illustrate the existence of interspherulitic defects (weak
spherulite boundaries) due to a high degree of crystallinity in undeformed sample and
transpherilitic cracks generated during tensile deformation.

3.3.2. Effects of Crystalline Phase Distribution

Because the PP contains ~95% crystallinity, the orientation of crystalline phases in the spherulite
(spherical semi-crystalline regions inside the polymers) greatly influences the deformation of
semi-crystalline PP. Asillustrated in Figur e 6, there are three possible arrangements of
crystalline phases with respect to the direction of the applied strain: (a) lamellae running parallel
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to the direction of strain, (b) some lamellaetilted, and (c) other lamellae aligned perpendicular to
the applied load. According to the crystalline phase arrangement, the structure may possibly be
deformed in the following ways when PP is elongated: (a) interlamellar slip (pole regions, Fig.
6(a)); (b) lamellar rotation (intermediate regions, Fig. 6(b)); and (c) lamellar separation
(equatorial regions, Fig. 6(c)). At theinitial stage of deformation, these processes are mainly
controlled by the amorphous phase. As the deformation proceeds, the crystalline regions also
undergo dramatic changes.

Figure 7 shows the morphology of PP deformed at different elongation levels and the resulting
crack propagation direction in crystalline regions. Based on el ectron microscopic investigations
(in Figure7), asthe lamellae break into mosaic blocks, they may tilt, unfold (destruction of
crystalline order), or reorganize into a highly oriented fibrillar structure [16-18].

3.3.3. Plastic deformation of spherulites

The plastic deformation of spherulitesis linked with ductile behavior. The distortion of
spherulites while elongation increases in the direction of the stress involves microvoid formation
that is interconnected with pronounced stress whitening. Figure 9 shows the region where the
deformation of spherulites involves microvoids. Here, the intensity of the microvoiding depends
strongly on the orientation of the spherulite with respect to the direction of the applied strain.
Also, as seen in Figure 9, microvoid concentration localized most prominently in the central
region where necking occurred.

3.3.4. Effect of amorphous phase

Plastic deformation was observed when the stretching level of PP was low, which is primarily
governed by the amorphous phase. Figure 10(a), (b), and (c) show the presence of craze, ductile,
and brittle behavior on PP, sectioned in different regions. Craze-like phenomena were observed
during plastic deformation. Meanwhile, brittle fracture is associated with the polymer’ s lack of
chain mobility which prevents plastic deformation. Neck formation at the critical elongation
level is usually associated with ductile fracture. Plastic deformation is preceded until strain
hardening due to ongoing molecular orientation, along with drastic changes in the
semicrystalline structures, which leads to a significant increase in the mechanical stress. This
includes the destruction and/or reorganization of the lamellar (crystalline) phase and the
orientation of the interlamellar (amorphous) phase.

Asin conventional crazes, in this case there is a coexistence of microscopic voids and tiny fibrils
that bridge the craze. However, the craze formation and propagation are geometrically limited by
the presence of the crystalline lamellae. In other words, the crazing phenomena are controlled by
the actual nanostructure and are highly localized but homogeneoudly distributed over alarge
sample volume. Figure 11 illustrates the process of lamellar separation, microvoid formation,
and fibrillation. The high strain sample is dominated by the amorphous phase. Asseenin
previous samples, the high strain sample pictured in Figure 12 experienced greater deformations



UNCLASSIFIED

in the center region than the outside regions. The lateral contraction experienced during this
stage of plastic deformation corresponds to the destruction of the remaining crystallites and
creates a completely distorted morphology. The microfibrils magnified in Figures 11 and 12
characterize the amorphous microstructure.

4. Conclusions

The deformation and fracture characteristics of PP have been studied using polymer microscopic
techniques. In the semicrystalline polymer, the amorphous and crystalline phases, along with
common surface morphological defects, are the most significant factors for determining initiation
of fracture. Based on the morphological features observed during an SEM examination of the
fracture surface at different extension levels, it is possible to characterize and identify the failure
mode of fracture. A road map for the factors responsible for failure, including the location of the
crack origin, the mode of crack initiation, the mechanism of crack extension, and the nature of
the stress that precipitated the failure, was established in this investigation.

The primary factors in determining the fracture mechanism of semicrystalline PP are the
following: a) surface morphological defects, b) orientation of the crystalline phases, and c)
amorphous phases. Brittle fracture is more favorable at low elongations, which is primarily
governed by the amorphous phase, and ductile fracture is predominant at high elongations, which
is governed by the crystalline phases. Both semicrystalline PP and very high degree crystalline
polymers demonstrated defective surface-level morphological features, such as interspherulitic
defects (aweak interface), interlamellar defects (alack of tie molecules or the absence of the
amorphous phase in between crystalline lamellag), and intralamellar defects (low molecular
weight fraction, chain ends, and chain branching). These factorslead to a premature failure due
to brittle fracture. In addition to surface defects, the orientations of crystalline phases greatly
influence the deformation of semicrystalline PP. Dueto interlamellar slip, lamellar rotation, and
lamellar separation, the crystal structure reshapesitself parallel to the stress when axially loaded
under tension. The plastic deformation of spherical spherulitesislinked with ductile behavior.
The distortion of spherulites increases microvoid formation that is interconnected with
pronounced stress whitening. The rearrangement of the phases allows ductility in deformation,
which adds to the mechanical strength of the material. This includes the destruction and/or
reorganization of the lamellar (crystalline) phase and the orientation of the interlamellar
(amorphous) phase.

Plastic deformation in PP is primarily governed by the amorphous phase. A material lacking
chain mobility is prevented from undergoing plastic deformation. Craze-like formations were
observed in the samples. Asin conventional crazes, a coexistence of micro-voids and fibrillar
bridges exist in the samples. However, the craze development and propagation are geometrically
restricted by the crystalline lamellae.
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Figure 1 XRD patterns of polypropylene sample surface and powder collected from the bulk
showing crystalline peaks.
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Figure 2 SEM |mages taken at adefected PP region exploring drastic changes in crystallinity

occurring beneath the surface. The second image magnifies the previous image for a magnified
look at the structure.
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Figure 3 Stress versus strain curves for acommercia polypropylene tested at a strain rate of

0.01/s. Noted are the regions of different stages of deformation such as yield point, cold drawing,
strain hardening and fracture.



UNCLASSIFIED

-
-
-
-
¥l
-
=
-
-4

=

et SAVZE N L)

' twt fes le' lus' les' e

—
=

Figure 4 Photographs of PP at different strains (a) 10%, (b) 20%, and (c) 35%. The dotted lines
show where cuts were made, dividing each sample into three regions: (1)upper, (2)middle, and
(3)lower.
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Figure 5 shows the existence of morphological defects in an undeformed sample and tensile
tested sample. 5(a) Intersperulitic defects, or weak interface defects, were prevalent for the
undeformed sample. This defect is caused by the lack of tie molecul es such as amorphous phase
between crystalline lamellae. 5(b) Interspherulitic defects (weak spherulite boundaries) dueto a
high degree of crystallinity is shown in alow strain sample. The distance across the defect was
5.66um.
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Figure 6 Possible crystalline phase orientations in the spherulite (a) parallel to the direction of
strain while (b) some are tilted and (c) others are aligned perpendicular to the applied load.
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Figure 7 SEM micrographs of i -cryst line P deformed at different elongation levels. @)

b) 20%, and c) 35%.

10%,
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Figure 8 Image with highlighted pores obtained form ImageAnayzer program (a) fregeuncy to
area graph (b), frequency to diameter graph (c), and frequency to nearest neighbor distance (d)
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Figure 9 Plastic deformation of spherulites; microvoid formation in spherulites of PP. Images are
from amoderately deformed tensile bar exploring the differences between regions. In general,
the central region of the sample was more deformed than the outside regions.



UNCLASSIFIED

Figure 10 Deformation of semicrystalline PP: @) craze formation, b) ductile behavior, and c)
brittle behavior as seen on alow strain sample.
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Figure 11 SEM image showing lamellar separation by microvoid formation and fibrillation of the
amorphous interlamellar region of deformed PP.
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Figure 12 SEM images taken at different regions of the sample. Images were taken on the
surface of the sample (a) outside the neck and (b) on the neck. Fig. 12(c) shows a cross-sectional
view of the necking region; the image was taken at the cut indicated on the diagram. These
images were taken of adeformed specimen at 35% strain.



