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ABSTRACT

A basic understanding of the micro-mechanisms of deformation and failure related
to the mechanical properties of polypropylene (PP) and particulate filled PP
composites is of crucial importance for appropriate material and structural
component modeling. Especially PP composite materials offer a great potential for
tailor-made properties by specific selection and definition of filler type, content and
surface modification. As the polymeric matrix exhibits viscoelastic behavior,
mechanical composite properties also strongly depend on time, rate of testing,
temperature and stress state. Thus, the main objective of the dissertation was to
investigate the effect of several of these parameters on the behavior of neat and
particulate filled PP. As to the filler types, two glass beads with different size

distributions and talc were used in two volume fractions.

Digital image correlation (DIC) was utilized to obtain the effective value of
Poisson’s ratio for this class of relatively soft materials. Due to the lack of
information on the reliability of the strain measurement result, the limits of
accuracy of this optical strain measurement system under different environmental
conditions were investigated, and the technique was applied to the
characterization of PP and PP composites in the pre- and post-yield regime. As to
the accuracy, a fine speckle pattern and a light intensity just below overexposure
provided best results. While vibrations related to the operation of the testing
machine were of minor influence in reducing the strain measurement accuracy,
more pronounced effects were found for the operation of the temperature
chamber. For the DIC system it could be shown that it allows for the proper strain
determination in the pre- and post-yield regime. To account for the pressure
dependence of the neat PP, several methods for uniaxial, plane strain and
multiaxial compression testing were investigated and compared in the pre- and
post-yield regime. A procedure for the determination of the compressive modulus
was introduced and results were shown. To enable the detection of instability
associated with friction and barreling and to calculate true stress-true strain
curves, the measurement of transverse expansion of the specimen at large strains

was necessary. Significant strain softening was observed in the post yield regime
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for uniaxial compression tests, while with increasing confinement levels strain
softening was reduced and in some cases strain hardening was observed. For the
highest confinement level (approaching hydrostatic compression), plastic
deformation was entirely suppressed, with all imposed deformations being
reversible, thus making any classification in terms of strain hardening or softening

obsolete.

Based on the successful implementation of the DIC system as an accurate full-
field strain measurement device, the tensile behavior of PP composites filled with
glass beads and talc was studied over a wide range of strain rates and
temperatures. The interpretation of the results in terms of particle size and shape
proved the importance of interfacial interactions in the determination of composite
properties measured at large deformations. Debonding stress decreased with
increasing particle size leading to a decreased composite yield stress. Because of
their different temperature dependence, the debonding stress, which is
substantially below the yield stress at low temperatures, approached the yield
stress with increasing temperature. In the low temperature regime, debonding,
crazing and micro-cracking were determined as the dominating deformation micro-
mechanisms, leading to brittle fracture, which changed to shear yielding and
crazing of the matrix as the main mechanisms leading to ductile failure as
temperature increased. Changing of the dominating mechanism was observed
also in composites filled with talc, which led to different composition dependences
in various temperature regimes. Yield stress values decreased with increasing
filler loading at low temperatures, but true reinforcement was observed as the
temperature increased. The effect of interfacial interactions was expressed in
gquantitative terms by using a model proposed by Pukanszky and Voérds. The
changing load-bearing capacity of fillers with different particle characteristics could
be clearly related to the dominating deformation micro-mechanisms and to their
changes with experimental conditions. To prove the obtained results and to
quantify the debonding stress, volume strain measurements using the DIC system
were also conducted as a function of strain rate and temperature. While local
cavitation mechanisms (micro-voiding, crazing, and micro-cracking) and

subsequent debonding of the particles dominated as failure mechanisms at high
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strain rates and at room temperature, a more significant contribution of local shear
yielding was observed with a reduced contribution of cavitation mechanisms at low
strain rates or at 80 °C. This change in the dominating micro-mechanisms of
deformation resulted in smaller volume strains during the tensile loading of the
composites than for the respective neat matrix. Moreover, a novel approach is
introduced for the detection of debonding using volume strain measurements,
which takes into account the dilatational and deviatoric behavior of the neat matrix
polymer and the composite, respectively. The results are supported by acoustic

emission measurements carried out simultaneously with the same specimens.

As to the local stress state around the filler particles, the pressure dependent yield
behavior of the neat PP was characterized applying various test methods from
uniaxial tension and compression to multiaxial tension and confined compression.
The experimental results were evaluated in terms of effective stress, to determine
the equivalent stress vs. mean stress correlation and the pressure sensitivity
index. An excellent linear relationship of equivalent stress vs. mean stress was
found for all temperatures studied. To determine the pressure sensitivity as an
intrinsic material parameter, normalized yield stresses were calculated with
respect to the uniaxial tensile test. As expected, increasing pressure sensitivity
values were found with increasing temperature, which was explained in terms of
the free volume theory. The 3D Drucker-Prager yield function was fitted to the
yield stresses and an average error between the predictions and the measurement
of 8 % was obtained.

In addition, the long-term compressive relaxation behavior of neat PP and the PP
composites was investigated, utilizing the uniaxial and confined compression test.
As the full strain and stress field was determined in confined compression, all four
viscoelastic material functions were deduced from the experimental results. As
expected, the shear and the bulk relaxation moduli were found to increase with the
addition of particles. In agreement with earlier results on other polymers, it turned
out that the relaxation response is significantly retarded at higher confinement
levels when compared to the uniaxial relaxation test. Furthermore, it was shown
that the effect of filler particles on the long-term behavior depends on the specific

uniaxial or multiaxial stress state.
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KURZFASSUNG

Ein grundlegendes Verstandnis der Mikro-Mechanismen der Deformation und des
Versagens in Polypropylen (PP) und in partikel-gefillten PP-Composites ist von
entscheidender Bedeutung fir die Modellierung des mechanischen Material- und
Bauteilverhaltens. Insbesondere bei PP-Composites kénnen durch geeignete
Auswahl von Fiullstofftype, Volumengehalt und Adaptierung der Partikeloberflache,
maf3geschneiderte Materialeigenschaften erzielt werden. Aufgrund der Visko-
elastizitdit der PP-Matrix sind aber auch bei derartigen PP-Composites die
mechanischen Eigenschaften abhangig von Zeit, Belastungsgeschwindigkeit,
Temperatur und Spannungszustand. Das Hauptziel dieser Dissertation war somit,
den Einfluss dieser Parameter auf das Verhalten von ungefilltem und gefulltem
PP grundlegend zu untersuchen. Als Fullstoffe wurden 2 Typen von Glaskugeln
mit unterschiedlichen Grol3enverteilungen und Talkum verwendet, wobei jeder
dieser Fullstoffe fur die Herstellung von Composites jeweils in zwei

unterschiedlichen Volumenanteilen eingesetzt wurde.

Um genaue und zuverlassige Werte fur die Querkontraktionszahl und
Volumendehnung im reversiblen und irreversiblen Deformationsbereich fir relativ
weiche Materialien wie PP zu erhalten, wurde die Messmethode der digitalen
Bildkorrelation angewendet. Da keine systematischen Untersuchungen Uber die
Genauigkeit dieses Messsystems abhangig von relevanten Prif- und
Testparametern bekannt sind, wurden Untersuchungen beziglich der jeweiligen
Anwendungsgrenzen durchgefihrt. Es stellte sich heraus, dass ein méglichst fein
appliziertes Prufkérpermuster und eine maximale Beleuchtungsintensitat (ohne
Uberbelichtung einzelner Pixel), optimal in Bezug auf Messgenauigkeit sind. Ein
Einfluss von Schwingungen der Prifmaschine auf die Genauigkeit des
Bildkorrelations-Messsystems konnte nicht detektiert werden, waéahrend ein
signifikanter Effekt durch Schwingungen der Temperierkammer nachgewiesen

werden konnte.

Um den Einfluss des Spannungszustandes an ungefilltem PP zu untersuchen,
wurden uni-axiale und multi-axiale Druckprifmethoden angewendet und die

Ergebnisse im reversiblen als auch irreversiblen Dehnungsbereich verglichen. Um
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genaue und reproduzierbare Werte fur den Druckmodul zu erhalten, wurde eine
neue Auswertemethode erarbeitet. Bei den uniaxialen Druckversuchen wurde
auch die Querdehnung der Prifkérper gemessen, einerseits um den Beginn einer
plastischen Instabilitdt (Ausbauchen) zu detektieren und andererseits um ,wahre”
Spannungs-Dehnungskurven zu berechnen. Wéahrend im irreversiblen Dehnungs-
bereich bei uniaxialer Druckbelastung abnehmende Spannungswerte festgestellt
wurden, konnte bei multi-axialer Druckbelastung eine Spannungsverfestigung tber
den gesamten untersuchten Dehnungsbereich ermittelt werden. Bei sehr hohen
Dricken (und ndherungsweise hydrostatischen Druckverhéltnissen) war jegliche
irreversible plastische Deformation des Prifkorpers unterdriickt.

Weiters wurden mit Hilfe des optischen Dehnungsmesssystems eine vollstandige
Charakterisierung der partikel-gefillten PP-Composites unter einachsiger Zug-
belastung abhéangig von Dehnrate und Temperatur durchgefuhrt. Die Abhangigkeit
der Messergebnisse in Bezug auf PartikelgroRe und Form, unterstreicht die
Bedeutung der Partikel/Matrix-Interaktion vor allem im irreversiblen Deformations-
bereich. Die kritische Ablésespannung, die zum Versagen der Partikel/Matrix-
Grenzflache fuhrt, nimmt mit zunehmender PartikelgroRe ab. Die stéarker
ausgepragte Temperaturabhéangigkeit der makroskopischen Streckspannung
gegenuber der Ablésespannung, fihrt bei tiefen Temperaturen (unter der
Glaslibergangstemperatur (Tg)) zu einem Versagen der Grenzflache deutlich vor
Erreichen der Streckspannung. Hingegen sind bei erhOhten Temperaturen
Streckspannungen und Abldsespannungen nahezu gleich. Aus diesem Grund
nahm die Streckspannung der untersuchten Werkstoffe bei tiefen Temperaturen
mit zunehmendem Fullstoffgehalt ab, wahrend die Streckspannung bei erhdhten
Temperaturen unabhangig vom Fullstoffanteil war (bei Glaskugeln) bzw. mit
steigendem Fillstoffanteil sogar zunahm (bei Talkum). Gleichzeitig wurde eine
Anderung in den vorherrschenden mikro-mechanischen Deformations-
mechanismen von Partikel/Matrix-Grenzflachenversagen, Hohlraumbildung,
Crazing und Mikrorissbildung bei tiefen Temperaturen (unter Tg) zu Scherfliel3en
und Crazing bei Raumtemperatur und dartber (Uber Tg) festgestellt. Die
quantitative Beurteilung der Effektivitat der einzelnen Fllstoffe erfolgte mittels

eines von Pukanszky und Vords vorgeschlagenen Modells. Damit konnte die
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temperaturabhéngige  Partikel/Matrix-Interaktion eindeutig den jeweiligen
dominanten Mikrodeformationen zugeordnet werden. Um diese Ergebnisse
zusatzlich zu validieren, wurde mit Hilfe des optischen Dehnungsmesssystems
prazise Messungen der Volumendehnung durchgefiuhrt. Bei niedrigen
Temperaturen oder hohen Dehnraten waren hohlraumbildende
Deformationsmechanismen (Mikro-Kavitation, Crazing und Mikro-Rissbildung)
gefolgt von Partikel/Matrix-Grenzflachenversagen dominant, wahrend bei hohen
Temperaturen oder langsamen Dehnraten ScherflieBen und von geringer
Bedeutung auch Kavitationsmechanismen vorherrschend waren. Durch diese
signifikanten Anderungen in den dominanten lokalen Deformationsmechanismen
wurden an den Composites Volumendehnungen ermittelt, die in gewissen
Dehnungsbereichen (sowohl reversibles als auch irreversibles Regime) kleinere
Werte fur die Volumendehnung ergaben als fur die ungefillte Matrix. Durch die
Anwendung einer neu entwickelten Methodik, welche sowohl die dilatorische als
auch deviatorische Deformation der Matrix und der Composites bertcksichtigt,
konnten quantitative Werte fir die Ablésespannung die zum Partikel/Matrix-
Grenzflachenversagen fihrt ermittelt und mit Schallemissionsmessungen

verglichen werden.

Um die Abhangigkeit der mechanischen Eigenschaften der ungefillten PP-Matrix
vom Spannungszustand zu charakterisieren, wurden verschiedenste Prif-
methoden wie uniaxialer Zug und Druck, biaxialer Zug und multiaxialer Druck
angewendet. Der Zusammenhang zwischen effektiver (deviatorischer) und
mittlerer (hydrostatischer) Spannung ermoglicht die Berechnung der Spannungs-
abhangigkeit der FlieRspannung. Bei allen untersuchten Temperaturen wurde eine
lineare Beziehung zwischen der deviatorischen und der mittleren Spannung
gefunden. Um die Spannungsabhangigkeit als echten Materialkennwert zu
bestimmen, wurden fur alle Temperaturen normalisierte effektive Spannungen
bezogen auf die Zug-FlieBspannung berechnet. Dabei wurde eine steigende
Abhangigkeit der FlieBspannung vom Spannungszustand mit zunehmender
Temperatur festgestellt, die dem ansteigenden freien Volumen zugeordnet werden
kann. Die Anwendung des 3D-Fliel3kriteriums von Drucker-Prager ergab eine gute

Ubereinstimmung zwischen den experimentellen Daten und diesem FlieRkriterium.
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Schlief3lich wurde auch das Langzeitverhalten unter uni-axialer und multiaxialer
Druckbelastung untersucht. Im multiaxialen Druckversuch wurden alle vier
viskoelastischen Materialfunktionen bestimmt, wobei die Composites im Vergleich
zur ungefilliten Matrix erwartungsgemaf hohere Werte fur die Moduli aufwiesen.
Vergleiche der Resultate des uniaxialen mit dem multiaxialen Druckversuch
ergaben ein signifikant verzogertes Relaxationsverhalten fir den multiaxialen
Spannungszustand. Weiters konnte gezeigt werden, dass die Effektivitat der

Partikel vom jeweiligen Spannungszustand der Belastung abhéangen.
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1. SCOPE, CONTENT AND STRUCTURE

Particulate filled polymeric composites have been used in increasing quantities in
various applications, e.g., automotive industry, appliances, mobile phones, garden
furniture, etc. (Markarian, 2004; Morieras, 2001). While in the past fillers were
added to the polymer to reduce the price of the final product, in recent years the
growing demand for customized and function-integrated products requires the use
of more tailored composite materials. In general, the wide field of properties of
polymeric materials is substantially extended by using appropriate fillers along with
the proper choice of filler type and content. Latest developments have expanded
the possible range of properties further, using hybrid composites containing two or
more different fillers (Leong et al., 2003; Pal Singh et al., 2009). Fillers in general,
increase the stiffness (Fu et al., 2008) and the heat deflection temperature (Yuan
et al., 2004), and decrease the specific heat and increase the heat conductivity
(Weidenfeller et al., 2005; Weidenfeller et al., 2004), and in most cases reduce the
deformability (Dubnikova et al., 2004) of the composite. The long-term creep and
relaxation tendency may also be significantly reduced by spherical as well as
anisotropic fillers (Yang et al., 2007; Zhou et al., 2007). To obtain some reinforcing
effect in the composite either very small particles or a minimum aspect ratio is
needed (Pukanszky and Fekete, 1999). Usually significant weakening of the
material can be observed, if the particles are orientated perpendicularly to the
direction of the force (Christie, 1986).

The properties of particulate filled composites are basically determined by the
behavior of the matrix, the properties of the filler, composition, structure (spatial
distribution and orientation) and interfacial interaction (Pukanszky, 1995). Although
such heterogeneous systems are of scientific and practical interest, their behavior
under external load is not fully understood. Further research is needed to
understand and to predict the debonding of the particles properly. In neat
polypropylene (PP), the observed deformation mechanisms are void formation,
crazing and micro-cracking associated with brittle fracture and shear-yielding
frequently related to ductile failure (Friedrich, 1983; Narisawa and Ishikawa, 1990).

In addition to the deformation behavior of the neat matrix, the dominant micro-



SCOPE, CONTENT AND STRUCTURE 3

deformation process in the composite is usually debonding accompanied by void
growth and coalescence, so that ultimately brittle or ductile failure may occur
(Dubnikova et al., 1997).

As an inherent characteristic of viscoelastic materials, the different deformation
processes of the matrix and the composite, respectively, depend significantly on
time, temperature and stress state (Ward, 1971). For neat PP, at low temperatures
or high deformation rates brittle fracture is observed, while at elevated
temperatures or moderate loading rates ductile fracture occurs. As to the full
characterization of the mechanical properties of viscoelastic materials, tests under
different confinement levels are crucial to determine the stress state dependent
onset of yielding (Pae, 1977). For a complete description of the failure micro-
mechanisms in particulate filled composites, a thorough understanding of the
matrix behavior is essential. Thus, the behavior of neat PP and PP composites
was studied over a wide range of strain rates and temperatures in tension. In
addition, the long-term relaxation behavior under different confinement levels was
characterized. The onset of yielding of the neat PP was characterized in detall,
which allowed for a proper prediction of the composite properties, when included

in common micromechanical models.

The matrix material investigated was a development grade PP. For the
composites, the same PP was used as matrix material, and two glass beads with
different size distributions (large and small mean diameters) and talc were used as
spherical and plate-like fillers, respectively. Each of these fillers was added to the
neat PP in two different volume fractions (3.5 v% and 7.0 v%).

This dissertation consists of two main parts. Part | provides an overview of the
work, briefly describing the overall objectives and the methodology (Chapter 2)
along with the background and current relevant scientific knowledge (Chapter 3),
summarizes the major results (Chapter 4), and ends with conclusions and an
outlook for future work (Chapter 5). Part Il consists of a collection of papers
prepared for publication and providing information as to the details of the research
performed and the results achieved. The six papers in total deal with various
aspects related to test method development and implementation (Papers 1 and 2),

the micro-mechanisms of deformation and failure of PP and the PP composites in
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tension (Papers 3 and 4), the multiaxial yield behavior of neat PP (Paper 5) and
the relaxation behavior of neat PP and PP composites (Paper 6). The papers are

entitled as follows:

Paper 1. Strain Determination of Polymeric Materials using Digital Image

Correlation
Paper 2: Advanced Compression Testing of Polymeric Materials

Paper 3: Mechanics and Modeling of the Tensile Yield Behavior of Particulate

Filled PP Composites

Paper 4: Filler/Matrix Debonding and Micro-Mechanisms of Deformation in
Particulate Filled PP Composites under Tension

Paper 5: Multiaxial Yield Behavior of Polypropylene

Paper 6: Relaxation Behavior of Neat and Particulate Filled Polypropylene in

Uniaxial and Multiaxial Compression
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2. OBJECTIVES AND METHODOLOGY

The main objective of this dissertation was (1) to adequately describe the
multiaxial behavior of the viscoelastic PP matrix in tension and compression, (2) to
determine the dominant micro-mechanisms of deformation and failure under
tension loading as a function of strain rate and temperature in the PP composites,
(3) to quantify the stress level, at which damage (matrix/particle debonding)
occurs, and (4) to analyze the viscoelastic long-term behavior of the PP
composites and to compare the results to those obtained for the neat PP matrix.
To achieve these goals, advanced measurement techniques and methods were
utilized in the entire work. Hence, the first two papers are related to the
development and implementation of a comprehensive test methodology, while the
following four papers deal with detailed investigations related to the
characterization of the material behavior. The specific sub-goals of these papers

are summarized as follows:

The objectives of Paper 1 were to analyze the effects of various parameters
related to a digital image correlation system test set-up on the accuracy of the
overall longitudinal tensile strain result, on the one hand, and to characterize the
pre- and post-yield regime of PP under tension, on the other. In Paper 2 the
experimental and procedures that allow for a comprehensive characterization of
the compressive stress-strain behavior of plastics including uniaxial and multiaxial
loadings of various confinement levels are described and discussed. In addition to
details of the test set-up, information on proper test and data reduction procedures

is provided.

The determination of the dominant micro-mechanism of deformation and failure
were investigated in PP composites under tension loading as a function of
temperature and strain rate in Paper 3. Glass beads of two different size
distributions and talc were used as fillers to investigate the effect of mean particle
size, shape and orientation. The load-bearing capacity of the filler and thus the
strength of interfacial interaction were investigated with respect to the viscoelastic

behavior of the matrix. In Paper 4 the tests conducted and described in Paper 3
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were evaluated using the digital image correlation system discussed in Paper 1.
To quantify the onset of debonding, a novel approach utilizing volume strain
measurement results is introduced, and the results are compared with those
obtained by acoustic emission measurements. Moreover, volume strain curves of
PP and PP composites were determined and analyzed as a function of strain rate
and temperature, to determine the dominating micro-mechanism of deformation
and failure under various conditions and to relate the behavior of the composite to

that of the matrix.

As to the characterization of the pressure dependent yield behavior of the neat PP,
various test methods were conducted covering the whole stress range from biaxial
and uniaxial tensile tests in the low pressure regime to fully confined compression
tests in the high pressure regime. These aspects are dealt with in Paper 5. The
applied methodology and the experiments conducted provide data to generate true
multiaxial yield stress values in a 3-dimensional stress state, representing the
deformation behavior of the matrix material in the neat bulk state. These results
complement those obtained in uniaxial and plane strain compression tests and
allow for the characterization of the pressure dependence of the deformation and
yield behavior of polymers as well as the deduction of a fully 3-dimensional yield
criterion. Moreover, uniaxial and confined compression tests were also conducted
in the relaxation mode to determine the viscoelastic long-term behavior of the neat
PP and the PP composites, and are described in Paper 6. A specific advantage of
the confined compression test is that it provides a full description of the strain and
stress field in the specimen and thus allows for the determination of all four
viscoelastic material functions (G(t), K(t), E(t), {t)). A comparison of uniaxial and
confined data reveals the influence of pressure on the long-term relaxation

behavior.

Overall, it is clear that meeting the objectives necessitates the development and

successful implementation of a combination of three major elements:

(1) the employment of novel measurement techniques (e.g., digital image

correlation),

(2) novel and improved test methods (e.g., various compression set-ups), and
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(3) a proper methodology for the detection of the onset of debonding along
with the identification of the main mechanisms of deformation and failure

on a micro- and macro-scale, respectively.
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3. BACKGROUND AND CURRENT STATUS

So far a comprehensive characterization of the material in the sense described in
the previous chapter was averted due to the lack of appropriate measurement
devices and test procedures. For example, in the reversible deformation regime
(pre-yield regime), the accurate determination of Poisson’s ratio and volume strain
in uniaxial tensile experiments for relatively soft materials as PP necessitates the
application of non-contact measurement methods of high strain accuracy, which
have become available only recently (Hild and Roux, 2006). Alternately, a proper
characterization of the irreversible deformation regime associated with necking
(yield- and post-yield regime), which initiates at some position of the specimen,
also requires a device allowing for the determination of the strain distribution along
the specimen measurement length. Finally, to deduce the relevant micro-
mechanisms of deformation and failure (cavitational vs. shear modes), accurate
volume strain measurements are needed covering a sufficient wide range of

overall specimen deformation in the pre- and the post-yield regime.

Today various types of digital image correlation (DIC) systems allowing for a
contact-less determination of longitudinal and transverse strains even including
full-field determination of sufficient accuracy are offered commercially. However,
hardly any studies are available systematically comparing the strain results of
these DIC devices with those obtained by conventional clip-on extensometers in
terms of accuracy and reliability (Robert et al., 2006).

As to the characterization and determination of the micro-mechanisms of
deformation and failure of particulate filled composites, tensile tests provide good
insight. Thus, various investigations are available on the yield behavior of filled
composites as a function of particle size and content (Fu et al., 2008), particle
surface modification and particle shape (Mocz6 and Pukanszky, 2008). The
majority of these studies claims that particle debonding is a main micro-
mechanism of deformation and failure in these material systems, with the onset of
debonding from the polymer matrix occurring in the pre-yield regime (Renner et

al., 2005; Vollenberg et al., 1988). In terms of structure and composition it was
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found, that the debonding stress is proportional to the square root of the particle
size and the modulus of the neat matrix, and appropriate models have been
proposed to describe this dependence (Vollenberg et al., 1988; Pukanszky and
Voros, 1993).

While a significant effort was put into studying the effects of the composite
structure and composition on yield behavior for specific test conditions, only few
investigations dealt with the effects of strain rate and temperature on the
deformation behavior covering both the pre- and post-yield regime (Lapcik et al.,
2008; Zhou et al.,, 2002). As the mechanical behavior of polymers strongly
changes in the regime of the glass transition temperature (Tg), corresponding
changes of the dominant micro-deformation mechanism have been reported
(Friedrich, 1983). Via the above mentioned matrix modulus dependence of
debonding, debonding may be expected to also depend on test temperature
(particularly when considering temperatures below and above Tg) and strain rate.

However, no studies are available investigating such aspects.

Among the various measurement methods to determine the onset of debonding,
e.g., “kink” in the stress-strain curve (Vollenberg et al., 1988), acoustic emission
(Danyadi et al., 2006; Renner et al., 2007), in-situ experiments (Bai et al., 2003),
and volume strain determination, the latter has been used most frequently
(Meddad and Fisa, 1997; Naqui and Robinson, 1993; Yilmazer and Farris, 1983).
Compared to any potential micro-mechanisms of deformation in neat PP, the
debonding process creates additional volume in the case of composites. As to
potential micro-mechanisms of deformation in the matrix, several specific
mechanisms affecting volume strain by cavitation have been proposed for
semicrystalline materials such as PP, including void formation, crazing and micro-
cracking possibly accompanied by amorphous chain compaction, molecular
orientation and crystalline order destruction/reformation (Addiego et al., 2006).

As a consequence, and depending on the method applied, the different
approaches described in the literature resulted in large variations of debonding
stress values (Renner, 2005). To accurately determine the debonding stress, both
the dilatational and the deviatoric behavior of the matrix and the composite must

be properly considered. The former provides information on the volumetric
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deformation behavior in the pre-yield (Poisson’s ratio) and in the yield- and post-
yield regime (cavitation), while the latter is related to the yield- and post-yield

regime only.

The investigation of the compressive behavior of polymeric materials in general
has not nearly received the same attention as the tensile behavior. This is also the
case for PP and PP composites. On the other hand, it is well known that the
stress-strain behavior of these materials under tension and compression differs
quite significantly, both macroscopically in terms of the stress-strain relationship
and in terms of the micro-mechanisms of deformation and failure (Mohanraj et al.,
2006; Sauer, 1977). Moreover, as to test devices and procedures for compressive
testing, several methods have been developed and are described in standards
(ISO 604, 2002) and in the literature (Kuhn, 1985; Ma and Ravi-Chandar, 2000;
Williams, 1967). While initial load introduction deficiencies are not present in
tension loading, the accuracy of the test specimen geometry and frictional effects
between the specimen surface and the compression plates may significantly affect
compression test results. However, no systematic investigation on the effect of
various test set-ups and test parameters has been conducted, and a
comprehensive comparison of various compression test methodologies is still

lacking.

In this context of great importance is that in heterogeneous particulate filled
composites a multiaxial stress distribution develops around the particles on the
micro-scale even when uniaxial tension is applied on the macro-scale. Hence, to
obtain a better understanding of the local deformation mechanisms in composites
as well as for adequate micromechanical modeling, knowledge of the pressure

dependent yield surface is also of crucial importance.

To determine the onset of yielding as a function of mean pressure, various test
set-ups have been proposed and were utilized (Bardia and Narasimhan, 2006;
Quinson et al., 1997). The majority of investigations in terms of pressure related
material functions (e.g., modulus, yield stress, yield strain) has been performed
under plane-stress conditions (c3=0) (Fasce et al., 2008; Ghorbel, 2008), and only
few studies provide material properties in the 3D stress space (Pae, 1977). As the
yielding behavior of polymers is not symmetrical in terms of any stress, 2D yield
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criteria (e.g., modified von Mises, modified von Tresca) are not capable to predict
the intrinsic polymeric behavior since they assume a constant yield function along
the hydrostatic axis (Kolupaev and Bolchoun, 2008). As a consequence, several
test methods in the tension and compression regime were applied to cover a wide
range of stress states from biaxial tension to fully multiaxial confined compression
and to apply the 3D Drucker-Prager yield function to the experimental test results
(Drucker and Prager, 1952).

Furthermore, while many investigations exist for the monotonic behavior of PP
composites (Fu et al., 2008; M6cz6 and Pukanszky, 2008) the long-term creep or
relaxation response of these materials has not received sufficient attention. This is
true not only for uniaxial creep or relaxation, but particularly for the case of
confined compression. A specific advantage of relaxation experiments over creep
experiments is that a direct, analytically exact determination of the relaxation
modulus is possible without interconversion of viscoelastic material functions
(Tschoegl, 1989).

Finally, for appropriate material and component modeling, knowledge of all four
viscoelastic material functions (bulk-, shear- and uniaxial relaxation modulus,
Poisson’s ratio) is important (Tschoegl, 1997). While the confined compression
test enables the simultaneous determination of the bulk- and shear relaxation
modulus without assuming the constitutive behavior a-priori (Qvale and Ravi-

Chandar, 2004) no such study seems to exist at least for PP and PP composites.
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4. MAJOR RESULTS AND DISCUSSION

This chapter provides a brief overview of the major aspects and results of this

dissertation as they are described in detail in the papers collected in Part II.

4.1 Strain Determination of Polymeric Materials using Digital Image

Correlation (Paper 1)

The contactless optical strain measurement method referred to as digital image
correlation (DIC) was applied to neat PP. The effects of test set-up parameters
were analyzed in terms of two quality indicators, indicating the strain scatter from
subset to subset (local strain scatter) and from picture to picture (global strain
scatter), also considering practical aspects. The optimal parameters in terms of
test set-up were excellent contrast with respect to the light intensity (i.e., maximum
light intensity avoiding overexposure), a shutter time of 20 ms, and a speckle
pattern with a very fine structure. While a minor effect of the operation of the test
machine (i.e., vibrations) on the strain accuracy was detected, a significant
decrease of the two quality indicators was obtained for the operation of the

temperature chamber.

In the pre- and post-yield regime, the overall average and local strains were
determined using the DIC system. As expected, a significant difference particularly
in the yield and post-yield regime develops when comparing conventional
engineering stress-strain curves and true stress-strain curves (Fig. 1). Plotting the
strain contour plots as a function of position on the specimen surface allowed for
the determination of the entire strain field as a function of the position on the
specimen surface. Utilizing this information in combination with one of the quality
indicators, the onset of yielding was defined and detected at a lower strain value

than the nominal yield point.

In the pre-yield regime the transverse strain was measured via the DIC system
and via a mechanically attached clip-on extensometer. Due to the significant creep
indentation of the attachment pins of the clip-on extensometer, the lateral

contraction exceeded the values obtained by the contactless DIC measurement.
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Overall it could be shown that the DIC system allows for the proper strain
determination both in the pre- and post-yield regime, and in terms of longitudinal

and transverse strains as well as in terms of global average and local strains.
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Fig.1: Nominal and “true” stress-strain curves of PP.

4.2 Advanced Compression Testing of Polymeric Materials (Paper 2)

The compression behavior of neat PP was investigated in the pre-yield and post-
yield regime using a recently developed compression device. As to the
characterization of the compressive modulus in uniaxial compression tests as one
of the two characteristic values describing isotropic materials, an “apparent”
compressive modulus was calculated related to the peak value of the first stress-
strain derivative. Due to the initial load introduction deficiencies, the strain level at
which the peak value was determined, was found to be considerably beyond the
recommended strain range according to ISO 604. Determination of various
“apparent” compressive moduli as a function of the diameter-to-length ratio of the
specimen allows for an extrapolation to infinite specimen lengths and thus resulted

in an “effective” value of the compressive modulus.

In the post-yield regime, the transverse expansion of the specimen in uniaxial
compression tests was determined using an optical video extensometer. To

account for frictional effects between the specimen surface and the compression
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plates, PTFE tapes were applied on the specimen surfaces. Without the PTFE
tape, barreling of the specimen was noticed. True strain-true stress curves were
calculated based on the measurement of the transverse strain and on the
assumption of v=0.5 (constant volume during deformation). The results illustrated

the variation of true stress-strain data between experiment based and assumption

based (1v=0.5) approaches.

In addition to loading rate and temperature, hydrostatic pressure significantly
influences the mechanical response of PP. Thus, uniaxial compressive tests and
plane strain and confined compression experiments were conducted in order to
compare the material behavior under these conditions and under uniaxial tensile
conditions. As is shown in Fig. 2, significant differences were determined in the
post-yield regime. In the fully confined compression set-up, yielding was inhibited
entirely up to a stress level of about 600 MPa, with all deformations imposed on to

the specimen being fully reversible.
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Fig. 2: True stress-true strain curves of uniaxial tensile, uniaxial, plane strain and
confined compression tests, showing the strong impact of hydrostatic

pressure on the obtained stress-strain response.
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4.3 Mechanics and Modeling of the Tensile Yield Behavior of

Particulate Filled PP Composites (Paper 3)

The tensile behavior of particulate filled PP composites containing two different
glass bead grades (different mean diameter) and talc were investigated as a
function of strain rate (from 8.7x10 s™ to 8.7x10° s ) and temperature (from
-30 °C to 80 °C)). As to the effect of particle size on the yield behavior, lower yield
stress values were found for the composite containing the large glass beads than
for those containing the small glass beads. This finding was related to the smaller
debonding stresses for the larger glass bead composites. The micro-deformation
mechanisms were found to change from being dominated by crazing and micro-
cracking and debonding below ambient temperatures, to being dominated by
shear yielding and crazing at room temperature and at elevated temperatures.
According to the model by Pukanszky and Voroés (Pukanszky and Voros, 1993),
the debonding stress is directly linked to the square root of the uniaxial modulus
and approaches the macroscopic yield stress of the respective composite at

elevated temperatures.

Talc was added as filler, to investigate the effect of particle shape and orientation.
At low temperatures, the yield stress observed for the talc filled PP composite was
smaller than that of the neat matrix, while at elevated temperatures the talc
composite exhibited higher yield stress values. This behavior may be related to an
increasing debonding stress/yield stress relation and is apparently compensated at
room and elevated temperatures by the development of a hard interphase and by
the load carried by bonded filler particles. A similar change in the dominant micro-
mechanisms of deformation and failure as described above for the glass bead

composites was also found to occur with talc as filler.

To quantify the effect of interfacial interaction between filler particles and matrix,
the model by Pukanszky and Vo6rds (Pukanszky and Voros, 1993) was applied to
the experimental yield stress values. Parameter B in this model is a measure of
the effectivity of the filler particles and thus for the filler/matrix interaction. This
parameter is depicted in Fig. 3 as a function of temperature. For the talc filler, an

increase of B with increasing temperature was found, related to the change in the
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dominant micro-deformation process and the increasing debonding stressl/yield
stress ratio. As expected, for the two glass bead grades, up to 50 °C an increasing
B value was found with higher effective values for the small glass beads related to
the larger debonding stress. The decrease of B at 80 °C may be associated with
the lower interfacial interaction and the increased molecular mobility in the
interphase. Thus, increasing the temperature further, yielding of the matrix
becomes dominant. However, further investigations to proof this explanation are
necessary.

8.7x10°s™
O Talc
A Glass bead - S
Glass bead - L

Parameter B

2 T T T T T T
-40 -20 0 20 40 60 80 100

Temperature, °C

Fig. 3: Temperature dependence of parameter B according to the model by

Pukanszky and Voros for the three fillers used in PP composites.

4.4  Filler/Matrix-Debonding and Micro-Mechanisms of Deformation

in Particulate Filled PP Composites Under Tension (Paper 4)

The volumetric behavior of PP and particulate filed PP composites was
investigated using the contactless DIC system for accurate and reliable
measurements of volume strains. As to the effect of particle size, larger volume
strain values were found for the composite containing the large glass beads in the
pre-yield and post-yield regime, which is in agreement with the findings described
above. Interestingly, depending on the test conditions, smaller volume strain

values were detected for the composite than for the neat matrix in some cases. In
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contrast to low temperatures or high loading rates, at elevated temperatures or low
loading rates the composites were found to exhibit smaller values of volume strain
than the matrix, related to different dominant micro-deformation mechanisms in the
matrix and composite, respectively. While shear yielding and crazing is dominant
at room temperature for the neat matrix, the particles may truncate the formation
of crazes in the pre-yield regime to some extent and may facilitate local shear
yielding between debonded particles. In the case of talc as filler, the differences in
the values of volume strain between the composite and the matrix even exceed
those found for the two glass bead composites, exhibiting nearly a constant
volume during deformation in the pre-yield regime at 80 °C.

To apply volume strain measurements for the determination of the onset of
debonding in particulate filled composites, a novel approach was developed and
compared to findings by acoustic emission experiments. In contrast to other
approaches using volume strain to detect the debonding stress, the dilatational
and deviatoric deformation of the composite and the matrix was considered and
the onset of debonding was associated to the void formation, when the particles
detach from the matrix. The results obtained corroborate the temperature
dependence of the debonding stress as predicted by the model of Pukanszky and
Vorés and revealed larger debonding stresses at room temperature than at
elevated temperature. Furthermore, larger debonding stresses were determined
for the small glass beads than for the large glass beads, with the highest
debonding stresses exhibited by talc. In Fig. 4 the debonding stress is plotted
against the logarithm of the specific surface area of filler, showing a linear as well

as nonlinear correlation at 23 °C and 80 °C, respectively.
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Fig. 4. Debonding stress of glass bead and talc plotted against specific surface
area of filler determined at 23 °C and 80 °C.

Comparison of the results obtained by volume strain measurements to the
acoustic emission method, revealed smaller debonding stresses for the latter
approach. It is worth mentioning, that the data evaluation procedure applied for the
acoustic emission measurements provides the stress level, where the maximum
number of particles debond from the matrix so that this procedure cannot be used
as indication for the onset of debonding. By modifying the data reduction,
information on the onset of debonding may perhaps be obtained, and it is
proposed to look at the potential of such a modified procedure.

4.5 Multiaxial Yield Behavior of Polypropylene (Paper 5)

The vyield behavior of PP tested under different modes of deformation was
evaluated in terms of equivalent stress and hydrostatic pressure to determine the
pressure sensitivity index (PSI) as a function of temperature and to apply a fully
three dimensional yield function (Drucker-Prager model (Drucker and Prager,
1952)) to the experimental test results. To compare different test set-ups, the
equivalent stresses were calculated according to the definition given by Kachanov
(Kachanov, 1974). As expected, a linear correlation between equivalent stress vs.

mean stress was found for low as well as for room temperature and elevated
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temperatures. A high mean pressure applied to the specimen exhibits a large
value of the onset of yielding and thus a large equivalent stress. This behavior is
related to the decreased free volume and molecular mobility, when a high
constraint level is imposed on the material. In order to quantify the pressure
sensitivity, the normalized equivalent stresses related to the uniaxial tensile tests
were plotted against mean pressure, and the corresponding slope of the linear fit
provides the value for the PSI. This value was found to increase with temperature,

related to the increasing amount of free volume in the amorphous fraction of PP.

In contrast to 2D yield functions, the experimental test results also enabled the
determination of a pressure dependent 3D vyield criterion. A 3D Drucker-Prager
yield surface was fitted to the experimental results using the best fit method (see
Fig. 5). Apparently, the yielding behavior of PP is best described by a conical-
shaped yield surface, shifted to significantly larger values in the compressive
regime. A triaxial tensile yield stress of 72 MPa was found with a pressure
coefficient (analogous to the cone angle) of 31.5 °.The average error between the
experiments and the predictions by the yield surface was about 8 %, with the
maximum error occurring in the biaxial tensile test. Intersection of the yield surface
with the plane-stress plane (03=0) is also illustrated in Fig. 5. The importance of a
non axis-symmetric yield surface in terms of the third principal axis was

demonstrated.
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Fig. 5: Experimental yield stresses of PP determined via different test set-ups
and the best fit Drucker-Prager yield function. Symbols: (0) plane-stress

data, (U)) confined compression test results, (--) hydrostatic axis.

4.6 Relaxation Behavior of Neat and Particulate Filled Polypropylene

in Uniaxial and Multiaxial Compression (Paper 6)

The long-term compressive relaxation behavior in uniaxial and confined
compression was investigated for the neat and particulate filled PP. In order to
increase the reproducibility of the confined compression test, a quality indicator
was introduced, relating the applied load on the specimen to the hoop strain
measured at the outer surface of the confining cylinder. A minimum coefficient of
determination of 0.995 was found to provide reliable test results. To account for
initial load introduction deficiencies, two corrections were conducted on the
measured load and strain signals. Using this advanced testing procedure, the
confined compression test provides the unique possibility, to determine all four

viscoelastic material functions (G(t), K(t), E(t), «t)) within one test.
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The shear and the bulk relaxation moduli, representing the two basic deformation
modes for constant volume and constant shape, respectively, are directly provided
by the confined compression method. As an example, the master curves of the
individual tests performed at different temperatures are compared for the neat, and
glass bead and talc filled PP in Fig. 6. A significantly larger amount of relaxation
was found for the shear moduli than for the bulk moduli. Adding stiff particles to
the neat PP resulted in an increase of the two moduli, the effect of talc being more
pronounced, which was related to the mean aspect ratio of 8 of the talc particles

and their alignment along the load direction.
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Fig. 6: Relaxation master curves for PP, PP-G7.0 and PP-T7.0 at a reference

temperature of -30 °C.

Interconversion of the shear and bulk relaxation moduli to the uniaxial modulus
and comparison with uniaxial compression test results allowed for the
determination of the effect of pressure on the long-term relaxation behavior. As it
turned out in recent investigations, a minor effect of pressure was found below Ty,
while the relaxation was significantly retarded above Ty for the confined
compression set-up. Using normalized relaxation curves related to the initial value,
provides information of the relaxation free from absolute values. While an
exponential decay was found for the relaxation behavior in the unconfined mode, a
power-law decay was observed in the confined mode. For the latter, similar

relaxations were found for the neat and glass bead filled PP, while a reduced
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relaxation was determined for the talc filled composite. In the confined mode, an
equivalent behavior was found for all composites, showing a retarded relaxation
compared to that of the neat PP. This behavior was related to different local stress
states in the two test set-ups, which may allow for partial interfacial failure in the
unconfined mode. Interconversion of the bulk and shear relaxation moduli to the
time dependent Poisson’s ratio revealed lower values for the composites than for

the neat PP.
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5. CONCLUSIONS AND OUTLOOK

In this dissertation, the mechanical behavior of neat PP and particulate filled PP
composites was investigated in terms of micro-deformation mechanisms and
interfacial interaction under tensile loading conditions, in terms of pressure
dependent yielding, and in terms of long-term compressive relaxation. While the
main objectives could essentially be achieved, new questions have come up

requiring further investigations and future work.

In Papers 1 and 2, the test methodology applied for the extensive material
characterization is described. Using two quality indicators, the optimal test set-up
related to strain accuracy and practical aspects of the DIC system were
determined. The DIC system was applied to measure the strain field in the pre-
yield and post-yield regime of PP, and the overall average and local strains were
determined. In the pre-yield regime, the longitudinal and transverse strains
determined via the DIC system and via a mechanically attached extensometer
were compared. A significant creep indentation of the mechanical extensometer
pins on the specimen surface was noted, resulting in a considerable
overestimation of the contraction of the specimen. Moreover, using one of the
quality indicators allows for the evaluation of the onset of yielding, which was
found to occur at strain values below the nominal yield point. However, further
investigations are necessary to determine the accuracy of the DIC system as a
function of the applied strain level on the specimen, and to compare the findings
for the onset of yielding, which supposedly accounts for the first irreversible

deformation of the specimen, to results by other test methods and procedures.

A detailed description of the advantages and drawbacks of various uniaxial, plane
strain and confined compressive test methods are provided in paper two. In the
pre-yield regime, an apparent compressive modulus was obtained using the peak
value of the stress-strain derivative. Applying different specimen diameter-to-
length ratios allowed for the extrapolation to infinite specimen length and thus
provided an “effective” value of the compressive modulus. In the post-yield regime,

vast differences in the true compressive stress-strain behavior were determined
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depending on the degree of confinement. While PP in uniaxial compression
exhibits significant strain softening in the post-yield regime, this tendency was
reduced (plane strain compression) and then reverted to strain hardening with
increasing confinement level. For the fully confined test condition, using a steel
cylinder as confinement, no signs of plastic deformation up to a true longitudinal
stress of 600 MPa were detected. To compare the pressure dependence of the
pre-yield regime with that of the yield- and post-yield regime, further investigations
need to be performed on the effective values of the compressive modulus as a

function of the confinement level.

In Paper 3, the effect of particle size, shape and orientation on the yield stress in
tensile loading was investigated as a function of loading rate and temperature. The
dominant micro-deformation mechanisms were found to depend significantly on
these two testing parameters. Looking first at the neat PP matrix material, the
dominating deformation micro-mechanisms were found to be crazing and micro-
cracking followed by brittle fracture at low temperatures or high loading rates,
while shear yielding and to some degree crazing dominate at room temperature
and at elevated temperatures or at moderate and slow loading rates. In the
composites, debonding and crazing associated with micro-cracking, leading to
brittle fracture were found for the low temperature regime. Limited particle
debonding and shear yielding with some crazing of the matrix were found at
elevated temperatures. The changing load-bearing capacity of fillers with different
particle characteristics could be related to the dominating micro-mechanism of
deformation. Future work regarding this topic should also concentrate on
composites with higher filler contents and various particle shapes as well as on the

effect of surface modification of the filler (i.e., enhanced particle-matrix interaction).

In Paper 4, tensile tests were carried out on the neat PP and on the PP
composites at two temperatures (23 °C and 80 °C) in the strain rate range from
8.7x10° s to 8.7x10° s™ using the DIC system for accurate volume strain
measurements. A significant increase in volume strain was recorded for
composites containing the larger glass beads compared to those prepared with the
smaller glass beads. The processes of local deformation in the matrix included

various cavitational mechanisms (void formation, crazing and micro-cracking) and
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shear yielding all being initiated prior to the yield point. The cavitational failure
mechanisms (voiding, crazing, micro-cracking and debonding) were favoured by
the lower temperature (23 °C) and higher strain rates. At the elevated temperature
(80 °C) or lower strain rates the volume strain of the composites was even smaller
than that of the matrix, indicating a change in the dominating micro-mechanisms of
deformation from the various cavitational mechanisms to local shear yielding. The
volume strain of composites containing talc was also smaller than that of the neat
PP. The observed decrease in volume strain was explained by the compaction
process in the amorphous phase and by the absence of debonding in this specific
strain range. As to the determination of the debonding stress, a novel approach
was introduced, which accounts for the dilatation and deviatoric behaviour of the
matrix and composite, respectively. In agreement with the prediction of theoretical
models and validated with acoustic emission measurements, the debonding stress
was found to decrease with decreasing strain rate and increasing temperature. In
this context, the rate of debonding (i.e. kinetics of debonding) and the subsequent
plastic deformation of the matrix may be an interesting aspect to investigate in
future work, which may also be required for the implementation in

micromechanical damage evolution models.

Various test set-ups were utilized in Paper 5 to investigate the pressure dependent
yield behavior of neat PP. As expected, vast differences in the true stress-strain
behavior were determined depending on the degree of confinement. Evaluation of
the equivalent stress at the yield point resulted in a linear correlation between the
equivalent stress and the mean stress for all test temperatures, with the slope
being the pressure sensitivity index (PSI). While the lowest equivalent stresses
were obtained in the tensile regime with a positive mean tensile stress acting upon
the specimen (i.e., uniaxial and biaxial tensile tests), the highest equivalent
stresses were found for the confined compression test with the largest mean
compressive stresses investigated in this study. As expected, the pressure
dependency was found to increase with temperature, which was attributed to free
volume effects in the amorphous phase and the associated influence on molecular
mobility. The Drucker-Prager yield function was applied to the experimental test

results, and a good agreement between the experiments and the predictions of the
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yield criterion was found, with an average error of about 8 %. A triaxial tensile yield
stress of 72 MPa was predicted and a pressure sensitivity angle of 31.5° was
obtained. The effect of temperature and the addition of particles to PP may be
investigated in future work, as well as the application of suitable methods for an

accurate determination of the onset of yielding.

The long-term compressive relaxation behavior of neat PP and PP composites
was characterized and described in Paper 6. The master curves of the shear and
bulk relaxation moduli were determined utilizing the confined compression test set-
up. By interconversion of the two viscoelastic material functions, the uniaxial
relaxation modulus and the time dependent value of Poisson’s ratio was
calculated. Thus, a complete viscoelastic characterization of the material was
achieved. Comparing the uniaxial relaxation modulus values directly measured in
uniaxial compression to the uniaxial modulus values deduced from confined
compression tests, it could be shown that the rate of relaxation is strongly reduced
by the effect of the increased pressure in the confined compression set-up. As
expected, particles increased all of the three modulus values and decreased
Poisson’s ratio compared to values obtained for neat PP. To provide a full
description also in terms of quantitative measure of the pressure dependence of
viscoelastic material functions, future investigations should focus on other
confinement levels and strive towards establishing quantitative models for

confined relaxation.
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ABSTRACT

Application of digital image correlation (DIC) to polymeric materials has been
proven to be a powerful tool for non-contact strain measurement. In this paper the
limits of accuracy of this optical strain measurement system under different
environmental conditions were investigated, and the technique was applied to the
characterization of polypropylene (PP) and PP composites (PP-C) in the pre- and
post-yield regime. As to the accuracy, a fine speckle pattern and a light intensity
just below overexposure provided best results. While vibrations related the
operation of the testing machine were of minor influence in reducing the strain
measurement accuracy, more pronounced effects were found for the operation of
the temperature chamber. In characterizing the transverse strain behavior of PP-
C, DIC results exhibited smaller values compared to transverse strains determined
utilizing a mechanical clip-on extensometer. The latter effect is attributed to
viscoelastic creep surface indentation of the extensometer pins, which
mechanically interact with the specimen via the clip-on spring forces of the
extensometer. For the DIC system it could be shown that it allows for the proper

strain determination both in the pre- and post-yield regime, and in terms of

" Paper will be submitted to Polymer Testing.
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longitudinal and transverse strains as well as in terms of global average and local

strains.

Keywords: Digital Image Correlation; Parameters; Polypropylene; True stress-true

strain; Mechanical extensometer;

1. INTRODUCTION

In addition to traditional extensometry, optical strain measurement devices have
been increasingly applied in recent years for various materials to characterize their
mechanical behavior [1-5]. In contrast to clip-on or contact extensometers, which
are mechanically attached to the test specimen, optical measurement devices
operate contactless. Optical techniques are particularly suitable for soft polymeric
materials, as local stress concentrations arising from the indentation of the
specimen and the weight of an attached mechanical extensometer are entirely

avoided.

In principle two optical strain measurement systems can be distinguished; devices
with a fixed gauge length measuring the strain between two edges commonly
referred to as video extensometer [6], and full-field strain analysis (FFSA) systems
referred to as digital image correlation (DIC) [7]. DIC is based on the principle of
comparing speckle pattern structures on the surface of the deformed and the
undeformed sample or between any two deformation states. For this purpose a
virtual grid of subsets of a selected size and shape, consisting of certain pixel gray
value distributions is superimposed on the preexisting or artificially sprayed-on
surface pattern and followed during deformation by an optical camera system. In
this manner information on the in-plane local strain distribution is gained without
assuming the constitutive behavior of the material a priori. Furthermore, this
method is independent of specimen geometry and can also be applied to complex
parts and geometries [8-12] to gain information on the deformation behavior of real

service components.

For traditional extensometry the limits of resolution and accuracy are well known
and can easily be determined. In the case of optical measurement devices the

situation is more complicated, since resolution and accuracy depend on the whole
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measurement system including the objective, the camera and the light system.
The number of pixels per mm, which represent an important characteristic as to
the resolution of optical systems, strongly depends on the distance between
camera and the specimen. Of specific importance, environmental conditions like
vibrations of the test equipment or glass panels between specimen and camera
when testing at non-ambient temperatures may have a significant influence on the
obtained strain accuracy. Moreover, out-of-plane movements of the specimen
affect the apparent size of the specimen and thus may also alter the strain result in
2D measurements. Finally, the range of the depth of sharpness is limited and
determines the operating distance to the measured object, if significant out-of-

plane movements occur.

Knowledge of the intrinsic material behavior of polymeric materials from the small
strain range up to ultimate failure is of crucial importance for developing adequate
material laws for numerical modeling and for a deeper understanding of the
microscopic deformation mechanisms. Up to the yield point polymers deform
relatively homogeneously, therefore good agreement between results of
mechanical extensometers and DIC systems may be expected. At large strains, in
the yield and post-yield regime, inhomogeneous deformations are observed in
many polymers [13], which are not adequately recorded by traditional
extensometry. However, for a proper calculation of true strain and true stress in
the highly deformed neck, the local longitudinal strain as well as the local

transverse strain values are needed.

As DIC provides a full description of longitudinal and transverse strain distributions
also in the highly strained neck region of the specimen, true strain and true stress
as well as Poisson’s ratio and volume strain can be calculated also providing
information on the local strain history at each position of the specimen surface.
Thus DIC allows for a determination of modulus and Poisson’s ratio in the pre-
yield regime, and true stress-strain relationships in the post-yield regime.

The objectives of this paper are (1) to analyze the effects of various parameters
related to the DIC test set-up (light intensity, camera shutter time, speckle pattern
structure, machine and temperature chamber vibrations) on the accuracy of the
overall longitudinal tensile strain result (average value for the standardized gauge
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length of 50 mm), (2) to characterize the pre- and post-yield regime of
polypropylene (PP) under tension, and (3) to compare the results obtained by DIC

with those obtained by a conventional mechanical transverse extensometer.

2. MATERIALS AND EXPERIMENTAL

A development grade PP homopolymer (PP) and a particulate filled PP (PP-C)
commercial grade with the same homopolymer as matrix were selected as model
materials for all experiments. The materials were manufactured and delivered by
Borealis Polyolefine GmbH Linz (Linz, Austria) as injection molded tensile
specimens according to 1ISO 3167, type B.

The tensile tests were performed on an electro-mechanical universal testing
machine of the type Instron 5500 (Instron LTD; High Wycombe, UK). Unless
otherwise indicated in the result section, the crosshead displacement in the
experiments was usually set to a rate of 0.01 mm/s corresponding to a strain rate
of 8.7x10™ s™. Although all tests were carried out at an ambient temperature of
23 °C, a conventional temperature chamber used for non-ambient temperature
tests was also mounted on the frame of the testing machine to study the effect of a
glass panel between DIC camera and specimen and perhaps additional vibrations

on the DIC results.

The initial specimen length between the wedge grips was 115 mm. The axial strain
was measured by a mechanical clip-on extensometer of the type Instron 2630-112
with an initial gage length of 50 mm; the transverse strain was recorded via a clip-
on extensometer of the type Instron 2620-603 with an initial gage length of 10 mm.
The DIC measurement was carried out with the ARAMIS 3D optical deformation
analysis system developed by GOM (Gesellschaft fur optische Messtechnik mbH;
Braunschweig, D). To allow for a sufficient optical signal detection and to avoid
heating of the specimen during testing, the light directed onto the specimen was
provided by the cold light system Dedocool (Dedo Weigert Film GmbH; Munich,
D).

The 3D DIC system consists of two high speed cameras for recording the images

(type Basler 504k; Basler AG; Ahrensburg, D), a trigger box to control the
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cameras, and a computer for data acquisition and evaluation. Image recording is
done simultaneously with the acquisition of the analog inputs from the testing
machine (e.g., force and displacement signal). To record the front of the specimen,
the cameras were equipped with a 105 mm Nikon lens, and were mounted on a
displaceable frame attached directly to the testing machine (Fig.1). This
configuration allows for a fixed camera position relative to the test machine and
the specimen position, while being able to move the cameras easily to the left to
open and close the temperature chamber. In this manner, the relative position of
the two cameras to each other is also fixed and only one calibration procedure is
needed for a series of experiments with different specimens and tests at different
temperatures. However, the drawback of this set-up is that oscillations from the
drive system of the test machine and from the fan of the temperature chamber are
directly transferred to the cameras and may significantly influence the quality of

the test results.

In contrast to 2D measurements with one camera, calibration of the DIC system is
obligatory when performing 3D measurements, taking the relative position of the
two cameras to each other into account. In this context, it should be pointed out
that out-of-plane movements of the specimen relative to the camera position using
a 2D system (as they occur for example in a simple uniaxial tensile test due to
cross-sectional dilatation) may significantly influence the results [1,6]. An overview
of specifics and the performance characteristics of 2D and 3D systems is provided
in Table 1.

For a complete description of the strain field a random speckle pattern on the
surface of the target object is necessary. To ensure a reproducible background for
all tests, a matt white grounding was applied onto the specimen surfaces. The
pattern was produced by a black graphite spray so that the specimens were
homogeneously covered with densely yet distinctly spaced graphite. As shown in
Fig. 2, the principle of any DIC system is to use the random gray value intensity
distribution of the pattern on the object and to overlay a grid of subsets or facets

on it. In the two pictures recorded simultaneously by the cameras, each subset

" All figures of this paper are collected at the end of the text.
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has a unique intensity distribution. The calibration function enables the detection of
the position of each subset in the 3D space. In a series of images recorded during
a test, the pattern becomes deformed according to the specimen deformation, and
the subsets can be detected in each image according to the intensity distribution
calculated and determined in the reference image. As the size and shape of the
subsets changes when the target object is strained, the strain field on the
specimen surface in longitudinal and transverse direction may be obtained by
continuously analyzing the speckle pattern and the deformed subsets. The
algorithm applied to identify the subsets in each picture is of great importance for

the accuracy of the strain field [14-16].

Table 1: Overview of 2D and 3D-DIC properties

2D 3D

Number of cameras 1 2

o . No, however needed and possible to
Calibration requirement o ] ) Yes
gain information on displacement

Influence of out-of-plane Significant influence on strain No influence on the strain

movements of the specimen measurement measurement

) Yes; measurement of the out-of-
Out-of-plane measurement Not possible
plane movement

o Limited by the size and position of
Minimal measurement area Down to 1 mm2
the cameras to each other

From the numerous software specific adjustable parameters of a DIC system the
most important one affecting the result accuracy is the size of the subsets [17]. As
the subset size determines and is equivalent to the minimum local gauge length,
and since there is no systematic procedure, the definition of an adequate subset
size is based on operator experience and judgment. In this investigation
overlapping quadratic subsets with a size of 25 pixels and a step of 19 pixels
between two subsets were used. Longitudinal and transverse strain values are
obtained for each of the subsets, implying constant strain values within a given

subset.

In order to obtain overall strain values from DIC measurements which are
consistent with the tensile strain definition of ISO 527, the initial evaluation
distance along the specimen should be set equal to the initial gauge length of
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50 mm (Fig. 2). Overall (global) strain values can then be obtained from DIC
measurements by simply averaging the strain values of all subsets in the initial

gauge length area.
Data reduction

The nominal longitudinal &,; and nominal transverse strains &, were calculated as

I -1
£, = 0

(1)

n,l
IO

and

Ent = (2)

where | and |y are the actual and initial length and w and wp the actual and initial
width of the specimen, respectively. For results presented in this paper, the initial
gauge length of the evaluation area was varied and adapted to the corresponding

measurement purpose.

True longitudinal strain, &, was calculated as
&y =In(e,, +1) (3)

The nominal stress on and true stress ot is given by

o= (4)
A
and
F
Oy = K ©))
where F is the applied force, and Ay and A are the initial and actual cross-section
of the specimen, respectively, the latter being determined by DIC.
Poisson’s ratio is defined as
8nt
o=t (6)
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3. RESULTS AND DISCUSSION

3.1. Effect of test set-up parameters

Among the test set-up parameters potentially affecting the quality of test results,
the influence of light intensity, camera shutter time, speckle pattern structure,
machine and temperature chamber vibrations were investigated in more detail. In
general, when investigating the effect of one of these parameters, all other
parameters were kept constant and set at the default value defined in preliminary
experiments. Default values were maximum light just avoiding overexposure, a
shutter time of 13 ms, a very fine speckle pattern structure, and the testing
machine and the temperature chamber not in operation. Simultaneously subset
size and step, the adjustment of the objective and the calculation procedure in the

software program also were kept constant.

To learn about the importance of the above parameters, two indicators — the mean
value of strain standard deviations (SSD) and the standard deviation of mean
strain values (MSV) — were defined and deduced based on a statistical analysis.
For this purpose, a series of 500 pictures was recorded for each parameter set
using an evaluation area corresponding to a gauge length of 50 mm. The mean
value of SSD was derived by first calculating the SSD for each picture taking all
subsets within the evaluation area and then calculating the mean value of all 500
SSDs. Conversely, the standard deviation of MSV was derived by first calculating
the mean value for each picture again taking all subsets within the evaluation area
and then calculating the standard deviation of all 500 MSVs. Using these
definitions, the mean value of SSD represents a measure of the local strain scatter
from subset to subset within the evaluation area, while the standard deviation of
MSV is a measure of the global strain scatter from picture to picture. The latter
indicator determines the accuracy of strain measurement, which may be compared
to equivalent values usually provided for conventional mechanical extensometers.
In terms of improved signal and data reduction quality both indicator values should
be as small as possible, keeping other more practical aspects of data generation

and processing in mind.
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The effect of light intensity in terms of increased brightness on the two
characteristic indicator values defined above is shown in Fig. 3 for a series of four
tests. While the mean value of SSD (local strain scatter) initially decreases with
increasing brightness, the standard deviation of MSV (global strain scatter) overall
increases. For the highest brightness value investigated (test number 4),
overexposure — indicated by the high value of the standard deviation of MSV — is
observed. Hence, the optimum set-up in terms of excellent contrast corresponds to
the brightness of test number 3. For this brightness the accuracy of strain

measurement (standard deviation of MSV) is about 1.25x107 %.

Figure 4 illustrates the influence of the shutter time in the range of 1 ms to 130 ms
on the two quality indicators. Both characteristic values decrease with increasing
shutter time up to 30 ms and essentially remain constant for higher shutter times.
This may be attributed to the superposition of two opposing effects. On the one
hand, an increasing shutter time and hence longer light exposure improves the
guality of the detected average signal and thus acts to reduce both characteristic
values. On the other, an increasing shutter time leads to a higher level of noise by
the chips used in digital cameras, which tends to increase the values of SSD and

MSV. The optimum set-up was deduced for a shutter time of 20 ms.

The influence of speckle pattern structure was investigated by applying three
different sizes of speckles from very coarse to fine. As depicted in Fig. 5, fine
speckles clearly lead to improved results (lowest values for SSD and MSV), which
may be related to the enhanced gray scale value distribution from subset to

subset.

The influence of any vibrations caused by the operation of the test machine or the
temperature chamber on the strain signal quality was determined. In the
experiment with the test machine in operation, the specimen investigated was
mounted into the moving grip and not attached to the static grip. To simulate the
moving specimen target (i.e., evaluation area) in a real tensile test, the
measurement was performed at a displacement rate of 0.1 mm/s. In this case, the
temperature chamber was not in operation. Conversely, when the temperature
chamber was in operation, the test machine was shut off so that the specimen was

also not moving in this instance. The results for the various test set-ups are shown
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in Fig. 6. While the operating temperature chamber clearly decreases the signal
quality both in terms of SSD and MSV values, a somewhat surprising result was
found for the case of the operating test machine in that the value for MSV was
reduced. It should be mentioned, however, that these results were only obtained in
a limited number of tests. In any case, the MSV values were not significantly
altered by the operating test machine thus providing evidence that this parameter
in terms of affecting the signal quality can be neglected. In contrast, a significantly
more pronounced effect in terms of reducing the strain signal quality results from
the operating temperature chamber. Part of this influence is certainly related to the
vibrations caused by the operating temperature chamber, which is attached to the
test frame. Additional effects may be caused by the quality and relative position of
the chamber window consisting of two or more separated glass panels.

In summarizing the above results on the effect of various test and machine
parameters on the signal quality of the optical strain measurement system, it may
be concluded that under practical test conditions of an operating test machine, the
accuracy of strain measurement at ambient temperatures is about 0.0015 %, a
value which is comparable to conventional clip-on extensometers. For non-
ambient temperatures, i.e., when using a temperature chamber, the accuracy of
strain measurement worsens to a value of about 0.006 %. At this point it should be
mentioned, that additional problems may arise when using temperature chambers
at low temperatures when ice formation on the specimen surface disturbs and

possibly even invalidates the speckle pattern recognition.

3.2. Uniaxial tensile testing with the DIC system in the pre-yield regime

During a uniaxial tensile test a specimen is strained in the longitudinal direction
and as long as the deformation is homogenous a constant strain can be measured
along the specimen length. In this case a mechanical clip-on extensometer
attached to the specimen directly provides accurate strain values by measuring
relative displacements between the two extensometer knife edges and relating
these to the extensometer reference gage length. Conversely, the DIC system
determines absolute displacement values for each subset on the specimen
surface. Plotted as a function of the position on the specimen surface, these local

displacement values should result in a straight line for a homogeneous strain
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distribution. Figure 7 illustrates such a result for the small strain region of PP in
terms of a displacement contour plot (Fig. 7a), a schematic of the local
displacement situation also indicating the data reduction procedure to obtain an
overall average strain value (Fig. 7b), and the transformation of the displacement
contour plot into a diagram of displacement vs. original position of a given subset
field (Fig. 7c).

A nominal stress-strain diagram for PP exposed to uniaxial tension with strain
determination using the DIC system is depicted in Fig. 8. The corresponding strain
contour plots for the positions a to g in the stress-strain diagram are illustrated in
Fig. 9. It is worth noting that no averaging or filtering was applied on the data, and
hence the strain distribution depicted in the contour plots was calculated within the
subsets. This represents highly local strain values which also depend on subset
size and thus can be determined only with limited accuracy, resulting in a strain
variation from 0.96 % to 1.33 % in Fig. 9a.

Figure 10 shows the local longitudinal strain of the strain contour plots in Fig. 9 as
a function of the absolute position on the specimen surface in the unstrained state
along the specimen center line. Overall the strain distribution along the specimen
is seen to be rather uniform. The small undulations in the various lines of Fig. 10
are related to the inherent scatter of strain measurement of the system (variations
caused by the mean value of SSD as discussed above), thus again providing
information as to the limits of strain determination. Nevertheless, with increasing
strain value and starting from the overall strain associated with position d, a slight
strain gradient along the specimen length becomes increasingly apparent, with
higher strains at position 0 mm compared to the position 50 mm. In fact, this strain
gradient always allows for a clear prediction of the necking position at later stages

of the specimen deformation.

Another example of a stress-strain diagram comparing the results of a strain
determination in longitudinal direction (i.e., overall average strain) via the DIC
system and conventional mechanical clip-on extensometer is shown in Fig. 11 for
PP-C. As expected, both strain determination methods exhibit good agreement up
to the yield point. However, beyond the onset of yielding, the clip-on extensometer
delivers higher strains than the DIC system. This is related to the fact that the
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original gauge length of the DIC system was set slightly shorter than the one of the
mechanical extensometer to be able to use both systems simultaneously on the
same specimen. The onset of yielding was actually triggered by the contact forces
of the knife edges of the mechanical extensometer, and thus the strain was locally
enhanced in a regime just outside the original gauge length of the DIC system but

still at least partly within the range of the clip-on extensometer.

To compare results of measurements of transverse strain vs. longitudinal strain
using mechanical extensometers and the DIC system, different specimens were
used for each of the techniques to avoid any contact effects associated with the
mechanical extensometer on the DIC measurement. The results are shown in
Fig. 12 for two strain rates. First, transverse strains indicating a significantly
stronger transverse contraction even in the pre-yield regime (below 5 %) were
found for the mechanical extensometer, the difference being larger for the lower
strain rate. Both of these observations are related to the creep indentation of the
contact pins of the clip-on transverse extensometer into the specimen surface
during the test. At lower test speeds the effect is enhanced. These results imply
that Poisson’s ratio measurements at least for this class of materials should make
use of contactless optical strain measurement systems rather than of mechanically
attached devices. Further details regarding the determination of Poisson’s ratio for
a wide variety of test conditions and set-ups are discussed in a separate paper
[18].

3.3. Uniaxial tensile testing with the DIC system in the post-yield

regime

The stress-strain response of PP over the entire deformation regime investigated
with special focus on the onset of yielding (instability) and the post-yield regime is
shown in Fig. 13. As mechanical extensometers affect the onset of yielding by
contact forces and do not allow for proper strain measurements beyond vyielding,
these experiments were performed using the DIC system only. For the positions h
to k in the global stress-strain diagram, the strain contour plots and strain
distributions along the specimen center line, indicating the position dependent

local strain values, are shown in Figs. 14 and 15, respectively. The highest values
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of local strain of Fig. 15 were used to construct the stress vs. local strain curve in
Fig. 13. Thus, Fig. 13 provides an indication of the strain range in the post-yield
regime, depending on whether a global or a local strain definition is used. For
example, for position k the two strain values differ by a factor of 1.8 (32 % vs.
58 %). Figs. 14 and 15 also indicate the position and illustrate the significant
increase in strain in the localized region where the onset of subsequent necking
was observed. Simultaneously, the material outside the necking region was found
to experience a reduced strain increase. As the neck stabilizes at a certain
constant local strain, it then propagates along the specimen so that the crosshead
displacement determines the neck propagation velocity. In this state, the undrawn

material outside the necking area remains essentially unaffected.

To determine the position of the onset of yielding indicated also in Fig. 13, the
mean value of SSD is plotted vs. the local longitudinal strain in Fig. 16. As the
value of SSD provides a measure for the local strain scatter, the onset of instability
was defined as the point at which this value surpasses the longitudinal strain
independent scatter level of about 8x10™. This position defining the onset of
yielding (perhaps associated with the first occurrence of irreversible deformation)
along with the position of the yield point are both shown in Figs. 13 and 16.
According to this procedure, the onset of yielding occurs at strains significantly
before the macroscopic yield point and neck instability.

4. CONCLUSIONS

The objective of this paper was to identify the effect of test set-up parameters on
the accuracy of a DIC system, to compare results of this system with those
obtained by conventional extensometer techniques, and to determine the strain
field in an inhomogeneously deforming polymer in the post-yield regime. Tests

were performed on a neat PP and a particulate filled PP composite.

To evaluate the strain result of the DIC system in terms of strain accuracy, two
guality indicators (mean value of SSD and standard deviation of MSV) were
introduced representing the local strain scatter from subset to subset and the

global strain scatter from picture to picture. For the DIC system, the optimal test
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set-up related to strain accuracy and practical aspects were excellent contrast with
respect to the light intensity (i.e., maximum light intensity avoiding overexposure),
a shutter time of 20 ms, and a speckle pattern with a very fine structure. While a
minor effect of the operation of the test machine (i.e., vibrations) on the strain
accuracy was detected, a significant decrease of the two quality indicators (SSD

and MSV) was obtained for the operation of the temperature chamber.

The DIC system was applied to measure the strain field in the pre- and post-yield
regime of PP, and the overall average and local strains were determined. In the
pre-yield regime, the longitudinal and transverse strains determined via the DIC
system and a mechanically attached extensometer, were compared. While no
effect on the longitudinal strain result was observed, a significant creep indentation
of the mechanical extensometer pins on the specimen surface was noted,
resulting in a considerable overestimation of the contraction of the specimen.
Thus, the use of contactless optical measurement devices are certainly
advantageous for the determination of Poisson’s ratio values for this class of

materials.

In the yield and post-yield regime, the determination of proper strain values
focused on an adequate use of the DIC system only. Significant differences were
observed beyond the onset of necking when comparing the stress vs. average
strain and stress vs. local strain curves. As to the evaluation of the onset of
yielding, the mean value of SSD was plotted against local longitudinal strain and
the significant increase in the SSD value above the strain independent strain
scatter was related to the onset of instability, which was found to occur at lower
strain values than the nominal yield point. Overall it could be shown that the DIC
system allows for the proper strain determination both in the pre- and post-yield
regime, and in terms of longitudinal and transverse strains as well as in terms of

global average and local strains.
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Fig. 1. Picture of the tensile set-up showing the specimen fixed in the grips and the
two high speed cameras of the DIC system mounted on the displaceable

frame ensuring a fixed relative position of the two cameras and the

specimen.

Speckle

Subset

Evaluation area

Fig. 2. Measurement range of the specimen illustrating the evaluation area
(corresponding to the initial gauge length lp), the random speckle pattern
and the predefined subsets positioned by the software. For illustration
purposes, only every second subset is plotted so that subset overlays are

not shown.
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Fig. 4. Effect of shutter time (light exposure) on the two quality indicator values

SSD and MSV.
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Fig. 8. Stress-strain curve of PP determined using the DIC system indicating the
positions a to g taken for the strain contour and distribution plots in Figs. 9

and 10, respectively.
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Fig. 9. Strain contour plots of the longitudinal strain during a tensile test of PP in

the pre-yield regime up to the onset of yielding for the various deformation

levels a to g indicated in Fig. 8.
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Fig. 10. Strain distribution along the specimen center line for the various

deformation levels a to g indicated in Fig. 8.
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Fig. 11. Stress-strain curve of PP-C comparing the results of measurements of the
overall average strain via the DIC system and a mechanical clip-on

extensometer.
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Fig. 12. Transverse strain vs. longitudinal strain curves of PP-C comparing the
results of strain measurements using the DIC system and mechanical clip-

on extensometers.

25

Nominal yield point

Stress, MPa

5 —— Local longitudinal strain
- - - -Global longitudinal strain
A Onset of yielding

0.0 0.2 0.4 0.6
Longitudinal strain, -

Fig. 13. Stress-strain curves based on local and global strain measurement.
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ABSTRACT

Several methods for uniaxial, plane strain and multiaxial compression testing were
investigated and compared using polypropylene as a model material. An overview
of various parameters affecting compression test results is provided with particular
emphasis on friction between the specimen and the compression plate. A
procedure for the determination of the compressive modulus is introduced and
results are shown. To enable the detection of instability associated with friction
and barreling and to calculate true stress — true strain curves, the measurement of
transverse expansion of the specimen at large strains is necessary. Significant
strain softening was observed in the post yield regime for uniaxial compression
tests. With increasing confinement levels strain softening was reduced and in
some cases strain hardening was observed. For the highest confinement level
(approaching hydrostatic compression), plastic deformation was entirely
suppressed, with all imposed deformations being reversible, thus making any
classification in terms of strain hardening or softening obsolete.

Keywords: Compression test; Confinement level; Multiaxiality; Post yield behavior;
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1. INTRODUCTION

Polymeric materials and parts are frequently exposed to loading situations where
compressive stresses occur and in many cases are even dominating. These
compressive stresses may be either local or global, and they may be of different
confinement levels (uniaxial and various degrees of multiaxiality). In terms of the

type of loading, they may be monotonic, cyclic or long-term static.

Typical examples of compressive loading in practical applications of plastics
include all structural components exposed to direct compressive or bending loads,
rollers, gears, damping materials and alike [1]. On a regional and local scale,
compressive stresses also play a major role in joint technologies (e.g., screw
joints, clamping, fastening), in cutting processes and in tribological applications
(i.e., friction, wear and scratch processes) also including fretting fatigue loads [2-
5]. Another example for the development of local compressive stresses are
polymer matrix composites, in which compressive stresses on a local scale
develop around the reinforcing phase, even though the external load applied to the

material may be a tensile load [6].

Considering that the behavior of polymeric materials under tension and
compression may differ particularly in the yield and post-yield regime [7-9], the
need to characterize the compressive behavior of plastics becomes evident.
Moreover, the above examples indicate the importance of compressive testing in a
comprehensive manner under various loading modes and underline the need for
appropriate test methodologies. Last but not least, adequate material data and
material laws for compression are especially needed in advanced component
design procedures and for structural reliability assessments based on modern

simulation tools.

In performing compressive tests, several difficulties are usually encountered. In
particular, the contact situation related to the details of load introduction is of prime
importance, both in the low and high strain regime. At low strain levels a convex
nonlinear force-displacement curve may develop as a result of misalignment of the
compression plate and the specimen surface, and to a lesser degree also as a

consequence of the microscopic roughness of the two contact surfaces. At higher
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strain levels, test set-up misalignment and off-axis loading may cause premature
specimen failure by buckling. Finally, friction at the interface between specimen
surface and compression plate becomes particularly important at high strain levels
and in the post-yield regime, not only leading to a multiaxial stress state in the load

introduction region even in uniaxial tests but also causing specimen barreling.

The objective of this paper is to describe a set of experimental procedures that
allow for a comprehensive characterization of the compressive stress-strain
behavior of plastics including uniaxial and multiaxial loading of various
confinement levels. In addition to details of the test set-up, information on proper
test and data reduction procedures is provided. The experiments were performed

using polypropylene (PP) as a model material.

2. EXPERIMENTAL

2.1. Test Categories, Specimen Configurations and Material

To cover various degrees of confinement, three categories of tests were
performed including uniaxial compression (two types of test set-up), plane strain

compression (two types of test set-up) and fully confined compression.

Due to the higher stability and axis symmetry and in order to achieve comparability
between the uniaxial and the fully confined test, a cylindrical specimen geometry
was selected and used for these two test categories. For the plane strain
compressive tests, rectangular plates were employed. Further details as to the
specimen geometries are described in the respective sections on the test set-up

below.

The material used in this study as a model material was a development grade
polypropylene homopolymer PP(H), manufactured and delivered by Borealis
Polyolefine GmbH (Linz, A) as injection molded plates, out of which all specimens
were machined. The identical material was extensively characterized under

monotonic tensile loading and in compressive relaxation tests [10, 11].
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2.2. Testing and Test Instrumentation

All tests were carried out on an electro-mechanical driven universal testing
machine of the type Instron 5500 (Instron LTD; High Wycombe, UK). Depending
on the specimen length, the tests were performed at a testing rate ranging from
0.069 mm/s to 0.173 mm/s, corresponding to a local strain rate of 8.7x10* s, and
under standardized climate conditions (23 °C / 50 % r.h.). Unless prior failure

occurred, all tests were performed up to a compressive strain of 0.5.

In order to perform compressive tests on a universal testing machine, several
modifications are necessary to ensure stable measurement conditions. To avoid
wobbling of the loading pins around the center axis two options exist. One is to
make use of a so-called reversal cage to apply compressive loads on the
specimen with the testing machine itself working under tension [12]. While this
configuration suppresses any misalignment from the mechanical set-up, it is
disadvantageous in terms of the available working space and sight to the
specimen, particularly when working with optical measurement devices to obtain
transverse strain and full-field strain information. Another option, developed and
applied in all test set-ups of this study, is the utilization of a special compression
tool with aligning bars at each corner (Fig. 1). Due to the four ball linings and
highly accurate aligning bars, a precise and reproducible movement of the upper
and lower compression plate is guaranteed and any transverse forces and
moments are avoided. As to the accurate determination of axial strain, an LVDT

mounted between the two compression plates was used.

2.3. Test set-up and Data Reduction

2.3.1. Uniaxial Compression

The uniaxial compression test configuration with the cylindrical specimen between
the two plates is shown in Fig.1. The specimen diameter d was 8 mm, the length |
of the most frequently used standard specimen in this study was 12 mm, resulting

in a I/d ratio of 1.5. This specimen geometry was chosen taking the expected

" All figures of this paper are collected at the end of the text.
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failure mode according to [13] into account: buckling for I/d > 5, shear failure for
2.5 < l/d < 5, and double barreling for 2 < I/d < 2.5. Also according to [13], short

specimens with I/d < 1.5 are strongly affected by friction. To study effects of

friction, a series of specimens with an |/d ratio varying from 1 to 2 was prepared.

Even when highly polished plates and a PTFE lubricant are used, friction is

evident in compression testing and influences the test results particularly at large

strains. In order to reduce the influence of friction, the following measures were

taken and evaluated:

First, instead of utilizing a PTFE lubricant between the specimen and the
compression plates, a direct method to solve the frictional problem is to use
a PTFE tape. However, due to the compliance of the PTFE tape, the
simultaneous measurement of the compressive modulus on the same
specimen is not possible. In our investigation the equivalent PTFE tape of
the type 3M-5480 (3M; St. Paul, MN, USA) used also in [14] was selected.
The adhesive side of this single-side adhesive tape was positioned to face

the specimen.

The second approach applied was an indirect method to correct for
frictional effects and was proposed originally by Cook and Larke [15]. Using
a PTFE lubricant between specimen and compression plates, specimens
with different I/d ratios were tested up to 50 % longitudinal strain. As
frictional effects should decrease with increasing I/d ratios [15], a “friction-
corrected” stress-strain curve may be obtained by extrapolating data
obtained from various |/d ratios to I/d=co (corresponding to d/I=0 in a d/I

diagram).

The third approach followed to correct for frictional effects was suggested
by Siebel [16-19] applying the so-called cone compression test, Fig. 2. In
this test set-up the cone angle a is defined so that the lateral component of
the longitudinal force becomes equal to the frictional force acting in the
plane of the cone/specimen interface. Using the relationship tan a= y,
where u is the coefficient of friction, a value of 8° is derived for the cone

angle a. For the material combination used, an “effective” average value for
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U was determined using a universal microtribometer (UMT2, Center for
Tribology Inc.; Campbell, CA, USA), accounting for the acting normal
stresses, the selected test temperature and the sliding speed. A
disadvantage of this method is that neither the strain nor the strain rate are
uniformly distributed along the specimen due to the diverse specimen
length in the center and at the outer surface. Thus, by applying the
displacement technique described above, the average of the maximum and

minimum specimen length was taken for the strain calculation.

In addition to the measurement of the longitudinal force and the local
displacement, simultaneous transverse strain measurements were performed in all
experiments using a video extensometer system described in [20]. Hence, both
nominal and true stress-strain relationships could be derived using the following

equations:

The nominal longitudinal strain, &, and the nominal transverse strain ¢n;, are

given by
-1
£y = (1)
IO
and
d-d,
= 2
Fue = 2)

where lp and do are the original and | and d the actual length and width of the
specimen, respectively. The true longitudinal strain, &, and true transverse strain,

&, are given by
gy =Inl+e,)) (3)
and

g =In(l+e,,) (4)

Note that the maximum nominal longitudinal strain in compression is -100 %,
whereas the true strain at -100 % nominal strain is minus infinite, which implies

that only true strain is symmetrical in tension and compression.
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The nominal stress, o, and true stress, o, are given by

. F .
n AO ()

and

_ F _F
Ay A ©)

in which F is the force, Ay the initial and A the actual cross-section of the

specimen. The nominal Poisson’s ratio, w, is given as

vy =" @)

The true Poisson’s ratio is calculated taking the true longitudinal and transverse

strains according to

&
o === ®)

2

For large strains, there is a significant difference between the nominal and the true
strain. As the true axial strain in compression is larger than the nominal strain and
the true transverse strain is smaller than the nominal strain, true Poisson’s ratio
values in the yield and post-yield regime can only be calculated via the true
transverse and true axial strains, resulting in significant lower Poisson’s ratio

values than those obtained by nominal strains.

According to ISO 604 [21], values for the compressive modulus are defined for the
strain range of 0.0005-0.0025. For a 12 mm long specimen this implies accurate
deformation measurements for the first 30 um, so that any initial misfits may result
in a significant error of the compressive modulus value calculated. To provide the
required accuracy, the surfaces of the specimens were polished to reduce the
effect of friction as well as to ensure outer specimen surfaces perpendicular to the

specimen axis.
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2.3.2. Plane strain compression test

Two plane strain compression test methods were implemented and applied. Test
method 1 (Fig. 3; “soft constraint”) consists of two compression dies of a width, w,
of 6.50 mm and a length, |, of 50 mm. To avoid damaging of the material at the die

edges, the radius of these edges was machined to 0.5 mm.

Specimens of 4 mm thickness, t, and 40 mm width, |, were cut out of injection-
molded plates. These dimensions are in agreement to proposals elsewhere for
plane strain conditions (t/w >4 and t ~ w) [22-24]. A plane strain state is ensured
by the undeformed material of the specimen outside the dies.

The plane strain compression test method 2 (“hard constraint”) was proposed in
[25]. In this case the specimen is clamped between the two plates as displayed in
Fig. 4. In this set-up the plane strain conditions are a consequence of the die
shape and not of the specimen configuration (i.e., hardly any transverse strain is
developed). A radius of 0.5 for the edges of the dies was again machined in order
to avoid material damage at the die edges. The specimen dimensions were 20 X
10 x 4 mm, thus exhibiting the same thickness as the specimens for the plane
strain test method 1 described above.

For both of these test set-ups, the nominal longitudinal strain, &, is

-t
t0

&

(9)

nl

where t is the actual and tp the initial thickness of the specimen. True longitudinal
strain was calculated according to eq. (3). As the area under load remains
constant during testing, these plane strain configurations directly provide true

stress values:

F F

o, =—=— 10
Y (10)

2.3.3. Confined compression test

The multiaxial confined compression test method used for this study corresponds
to a method described in detail by Ravi-Chandar et al. [26, 27]. The test set-up
used is shown in Fig. 5 along with a schematic illustration. The specimen is
surrounded by a confining cylinder, which restrains the free lateral expansion
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during loading without prohibiting it totally. Assuming a homogeneous deformation
of the cylindrical specimen and a perfect fit between the specimen and the
cylinder, the stress and strain field within the specimen and cylinder can be
calculated via the Lamé solution for plane stress [28]. The measured values
include the longitudinal force and displacement, and the hoop strain of the
confining cylinder via strain gauges mounted on the outer cylinder surface. By
varying the thickness of the cylinder or by using a cylinder material of different
modulus, the stress state can be changed and adapted. Of special importance,
this configuration allows for an inelastic as well as a viscoelastic characterization
of polymers without a priori knowing the constitutive equation [26,29].
Furthermore, while in uniaxial compression testing an inhomogeneous specimen
deformation may occur at high strains, in confined compression the strain

localization is significantly reduced.

In this test set-up, cylindrical specimens of 20 mm in length, I, and of 10 mm in

diameter, d, were used.

The maximum longitudinal strain is limited by the material that is squeezed out
between the loading pin and the confining cylinder. In pre-tests, stopped at
different strain levels, it was found that longitudinal strains below 20 % avoid
material damage at the surface of the specimen by squeezed-out. Hence, all tests
were stopped below 20 % longitudinal strain.

Confining cylinders of various diameters, D, were produced using polypropylene
and steel. Outer diameters of 12 mm,15 mm, 20 mm, 30 mm and 42 mm were
used for polypropylene cylinders; the steel cylinder had a diameter of 28.5 mm.
The moduli were determined to be 1.600 MPa and 210.000 MPa for polypropylene

and steel, respectively.

Nominal and true longitudinal strain values were calculated by means of eqgs. 2
and 3, respectively. As the area under load for this configuration remains constant,
true stresses correspond to nominal stresses and are thus given by

F

F
E: rer (11)

O, =

where r is the radius of the specimen.
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3. RESULTS AND DISCUSSION

3.1. Small strain behavior in uniaxial compression

The two characteristic parameters describing the behavior of isotropic materials in
the small strain regime are effective values of modulus and Poisson’s ratio. In this
context it is well-known that an accurate determination of these values under
compression is significantly more complicated than under tension. For this reason

only few reports on small strain compressive data for plastics are available [30].

As pointed out above, to ensure proper compression loading conditions, accurate
specimen preparation, a perfect fit between the specimen and the compression
plates and proper alignment of the specimen and load introduction devices are
crucial. And yet, even when complying to these test quality requirements, the
reduction of compressive modulus values according to 1ISO 604 for compressive
testing and Poisson’s ratio values analogous to ISO 527 for tensile testing in the

strain range of 0.0005-0.0025 raises problems.

Small strain compressive data in the strain range up to 0.02 are shown in Fig. 6 in
terms of diagrams depicting nominal longitudinal stress (Fig. 6a) and “apparent*
compressive modulus (stress-strain derivative) (Fig. 6b) vs. longitudinal strain in
both cases. The “apparent” compressive modulus values in Fig. 6b were obtained
by first smoothing of the experimental data in Fig. 6a using a cubic spline and then
calculating the derivative do/de. These apparent modulus values are seen to
initially increase from about 500 MPa at just above 0 % strain to 2.000 MPa at
about 0.8 % strain and then again decrease at higher strain levels. While the initial
increase in the apparent modulus is related to deficiencies of load introduction in

this range, the decrease at higher strain levels is due to viscoelastic nonlinearity.

Applying the above procedure, such peak compressive modulus values were
determined for specimens of various I/d ratios and are plotted in Fig. 7. According
to a proposal by Cook and Larke [15] these data were extrapolated to d/I=0, thus
obtaining an “effective” value of the compressive modulus, which for the specific
PP material investigated turned out to be about 2.350 MPa. For comparison, in
tensile tests according to ISO 527 with the same material and at an equivalent

strain rate, a tensile modulus of about 1.850 MPa was determined.
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In Fig. 8 the nominal transverse strain (Fig. 8a) and the nominal Poisson’s ratio
(Fig. 8b) are plotted vs. the nominal longitudinal strain. At very low values of
longitudinal strain, no transverse strain was detected thus, resulting in v=0 in this
regime. Peak modulus equivalent Poisson’s ratios may be derived at the same
strain value of 0.8 % at which the peak in the apparent modulus in Fig. 6b was
found. For the material investigated a value for v of about 0.40 + 0.03 was
obtained (Fig. 8b). However, as the data scatter for v with regard to various d/l
ratios truncates any effects of specimen geometry, the deduction of a peak

equivalent effective Poisson’s ratio is not feasible.

3.2. Large strain behavior in uniaxial compression

A collection of photographs depicting the specimen appearance at various nominal
strain levels for three uniaxial compression methods is shown in Fig. 9. Starting at
higher strain levels (above about 10 %) significant differences in the lateral
specimen deformation are observed. While in the case of the straight-forward
uniaxial compression test (without a PTFE tape) significant specimen barreling
takes place with increasing compressive strain, such an effect can hardly be
detected when applying PTFE tapes to reduce friction between the specimen and
the compression plates. As expected [19], the opposite was found for the cone
compression test where the specimen is seen to deform in a concave manner with
increasing strain thus leading to a reduced specimen cross-section in the

specimen center.

The corresponding nominal stress-strain curves for the three types of uniaxial
compressive tests are shown Fig. 10. While at small strain values up to about 5 %
hardly any difference can be noticed, some differences in the nominal stress-strain
response are visible at higher strain levels (i.e., yield and post-yield regime).
Interestingly, the test with the PTFE tape exhibits the lowest stress values in the
yield regime due to the friction reduction, while resulting in the highest nominal
stresses at around 40 % nominal strain. The latter effect is probably due to the
rather homogenous lateral deformation along the specimen length even at high
post-yield deformations. Comparing the results of the cone compression test to the
other two approaches and considering the necessity to optimize the cone angle
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with regard to the coefficient of friction of the material combination used
(compression plate and specimen; see previous section), no particular advantages

of the cone compression test become apparent.

Nominal compressive stress-strain curves for specimens of different d/l ratios
without using a PTFE tape for friction reduction are shown in Fig. 11 along with an
extrapolated curve for d/I=0. As the contribution of frictional effects is considered to
be reduced with decreasing d/l ratio, the extrapolated curve for d/I=0 is compared
to the curve obtained by testing a finite specimen (I/d=1.5) with a PTFE tape in
Fig. 12. While the differences in post-yield regime have yet to be elucidated
further, differences in the relative contributions of friction at the specimen-
compression plate interface and of barreling between finite (I/d=1.5 with PTFE)
and quasi-infinite specimens (d/I=0 without PTFE) may play a role.

Curves of Poisson’s ratio vs. longitudinal strain are plotted in Figs. 13 and 14 in
terms of nominal and true values, respectively. While for compressive tests without
PTFE, different measures of transverse strain obtained from video extensometer
results were used for data reduction (i.e., maximum transverse strain at the
specimen mid-section where barreling leads to the highest cross-section; minimum
transverse strain at the specimen end where friction leads to the smallest cross-
section; average transverse strain at half the distance between specimen end and
specimen mid-section), only one measure of transverse strain was used for tests
with PTFE as the lateral deformation was rather homogeneous over the entire test
range. Of major importance, the results in Figs. 13 and 14 indicate that the
frequently made assumption by many designers of a value of 0.5 for Poisson’s
ratio in the yield and post-yield regime may be erroneous [31, 32]. As in tensile
testing, v=0.5 in compressive testing also implies deformation under constant
volume. However, opposite to tensile testing, in compressive testing 1<0.5 and
>0.5 imply volume decrease and volume increase, respectively. From the various
curves depicted in Figs. 14 and 15, due to the overall homogeneous lateral
deformation the one for the tests with PTFE in our opinion is the most plausible.
Nevertheless, the other curves are depicted to indicate the wide range of
Poisson’s ratio values that may be deduced from such tests depending on the test

procedure and the selection of a position to measure transverse strain. Paying
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attention again to the true Poisson’s ratio curve for the test with PTFE in Fig. 14, it
may be noticed that the Poisson’s ratio values in the yield and post-yield regime
increase from about 0.43 at a true longitudinal strain of about 10 % to 0.50 at a
true longitudinal strain of about 30 % up to 0.54 at 60 % strain. From 10 % to 30 %
true strain, the volume decreases may be related to hydrostatic compaction, at
least initially, and then to molecular rearrangements perhaps in the amorphous
regime. The volume increase in the irreversible deformation regime beyond 30 %
true compressive strain implies molecular and morphological restructuring
processes of a different kind, possibly including partial destruction of crystallites
(i.e., reduction of the degree of crystallinity and decrease in density). Both of these

hypotheses need to be studied in future investigations.

Based on the quantitative results in Fig. 14, various true stress-true strain curves
were deduced and are plotted in Fig. 15, again indicating the range of behavior to
be expected depending on the test procedure and the selection of a position to
measure transverse strain. The most plausible experimental true stress-strain
curve for the test using PTFE for friction reduction is compared to further true
stress-strain curves in Fig. 16. In one instance, using the data of the test with
PTFE, however, by assuming a constant Poisson’s ratio of 0.5 are shown. In the
other case data for a test without PTFE again with the assumption of v=0.5 are
depicted. These diagrams illustrate the variation of true stress-strain data between

experiment based and assumption based (1=0.5) approaches.

3.3. Large strain behavior in multiaxial compression

True stress-strain curves were generated according to two plane strain
compression methods described in section 2.3.2. and are compared in Fig. 17.
The differences in the two curves in the pre-yield regime are possibly again related
at least partly to load introduction deficiencies. In the yield and post-yield regime,
in terms of the shape of the curves a similar behavior was found for both test
methods, exhibiting some tendency for strain softening just after the yield point
followed by subsequent strain hardening. However, as expected, test method 2
(“hard constraint”) clearly led to higher stress levels, which is in agreement to the

overall higher constraint level of this test configuration.
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A further increase in the constraint level was achieved in the confined
compression test methods, the results of which are shown for various confinement
levels (different D/d ratios and PP vs. steel as cylinder material) again as true
stress-strain diagrams in Fig. 18. When using PP cylinders of various diameters as
confinement, the stress-strain diagrams in the yield and post-yield regime are
shifted towards higher stress levels with increasing constraint (i.e., increasing D/d
ratios). While no strain softening is observed for any of the D/d ratios, the
tendency for strain hardening increases with higher constraint. When using a steel
cylinder as confinement element, particularly high hydrostatic stresses may be
generated in the specimen. The true stress-strain curve for this method depicted
also in Fig. 18 is fundamentally different to those obtained with PP cylinders and
reveals no signs of yielding up to a longitudinal stress of 300 MPa (corresponding
to a hydrostatic stress of 200 MPa). In fact, even for axial stresses of more than
600 MPa (equivalent to a hydrostatic stress of 400 MPa), all deformations imposed

on to the specimen turned out to be fully reversible.

3.4. Comparison of uniaxial and multiaxial test methods

In Fig. 19 the true stress-strain behavior of PP is compared for uniaxial
compression and plane strain compression (method 2). Not surprisingly, the true
yield stress increases with the level of constraint. The post-yield regime in the
case of uniaxial compression is characterized by strain softening up to the highest
strain level investigated. In contrast, following a slight tendency of strain softening
just beyond the yield point, strain hardening is observed in the post-yield regime
under plane strain compression. The morphological causes of this different

behavior need yet to be investigated.

Finally, true stress-strain curves for the entire range of confinement levels
investigated are depicted in Fig. 20. This diagram emphasizes the importance of
characterizing polymeric materials under compression by applying proper
constraint conditions and illustrates the wide range of compression behavior for

PP, perhaps not untypical for plastics in general.
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4. SUMMARY AND CONCLUSIONS

The objective of this paper was to develop, implement and compare a variety of
compressive test methods and procedures for plastics covering a wide range of
confinement levels (from uniaxial to fully confined compression). In total 5 test
methodologies along with various data reduction procedures were investigated,

using PP as a model material.

Applying various measures to reduce effects of load introduction deficiencies in
uniaxial compression (specimen with various I/d ratios, without or with PTFE tape
for friction control, cone loading device) to characterize the pre-yield regime, the
use of cylindrical specimens without PTFE tape is suggested, and a proper
procedure for data reduction to determine modulus values has been proposed
based on a maximum slope definition. In the yield and post-yield regime, best
results have been achieved using the same specimen configuration, however, with
PTFE tape application for friction reduction.

In terms of yield and post-yield behavior, vast differences in the true stress-strain
behavior were determined depending on the degree of confinement. While PP in
uniaxial compression exhibits significant strain softening in the post-yield regime,
this tendency was reduced (plane strain compression) and then reverted to strain
hardening with increasing confinement level. For the fully confined test condition,
using a steel cylinder as confinement, no signs of plastic deformation up to a true
longitudinal stress of 600 MPa were detected. The wide range of compressive
behavior found depending on the confinement level, emphasizes the need for a
proper characterization of plastics under compressive loading conditions taking

various constraint conditions into account.
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Fig. 5. Confined compression set-up.
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Fig. 9. lllustration of the specimen appearance during compressive loading to

increasing strains for three test methods (initial specimen length: 12 mm).
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Fig. 14. True Poisson’s ratio vs. true strain in uniaxial compression for two test

methods with and without PTFE; transverse strain measurement by video
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Fig. 15. True stress vs. true strain in uniaxial compression for two test methods

with and without PTFE based on data in Fig. 14; (initial specimen length:
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ABSTRACT

The tensile behavior of PP composites filled with glass beads and talc was studied
in the strain rate range from 8.7x10® s™ to 8.7x10° s and in the temperature
range from -30 °C to 80 °C. Two different sizes of glass beads were used, and
composites were prepared with two different filler contents (3.5 v% and 7.0 v%).
The results were interpreted in terms of particle size and shape, the importance of
interfacial interactions and the deformation micro-mechanisms shear yielding and
crazing. In agreement with theoretical models, for the glass bead composites the
debonding stress was found to decrease with increasing particle size, also leading
to a decrease of the vyield stress. Because of their different temperature
dependence, the debonding stress, which is substantially below the yield stress at
low temperatures, approaches the yield stress at elevated temperatures (room

" Paper will be submitted to Polymer.
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temperature and above). In the low temperature regime, debonding, crazing and
micro-cracking were determined as the dominating deformation micro-
mechanisms, leading to brittle fracture. At elevated temperatures, the main micro-
mechanisms of deformation change to shear yielding and crazing of the matrix,
leading to ductile failure. As to the effect of temperature, similar results were
obtained for the talc filled PP. However, while yield stress decreased with
increasing filler loading at low temperatures, true reinforcement (increase of yield
stress with filler content) was observed at elevated temperatures. Finally, the
effect of interfacial interactions was expressed in quantitative terms by using a
model proposed by Pukanszky and Voérds. The load-bearing capacity of fillers with
different particle characteristics could be related to the dominating micro-
deformation mechanisms and to the effects of test conditions.

Keywords: Particulate filled polypropylene; Micromechanical deformations;

Debonding;

1. INTRODUCTION

Particulate filled polymeric composites have been used in increasing quantities in
various applications in the automotive industry, for appliances or as garden
furniture [1, 2]. The properties of these composites are basically determined by the
behavior of the matrix, the properties of the filler, the composition, the particle
spatial distribution and the interfacial interaction [3]. Although such heterogeneous
systems are of scientific and practical interest, their behavior under external load is
not fully understood. Further research is needed to understand and to predict the
debonding of the particles properly. Debonding, i.e. failure at the interface and
detachment of the particles from the matrix, is usually the dominating deformation

mechanism of particulate filled polymers [4, 5].

Numerous studies have been carried out to determine the influence of particles on
the stiffness, yield stress and tensile strength of such composites in uniaxial
tension at a particular strain rate and temperature [6-9]. The results showed that
the particle properties and the interfacial interaction mainly determine the

response of the composite under tensile loading conditions and that the
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micromechanics of particulate filled polymers is closely related to the size and
shape of filler particles, which influence structure-property relationships
considerably [10, 11]. The debonding stress of particles, as one of the key
parameters for such heterogeneous systems, is strongly related to their size. Two
models can be found in the literature to calculate the debonding stress of spherical
particles, which are not chemically bonded to the matrix [12-14]. The first model
derived by Vollenberg et al. [11, 12] is based on the assumption that the
mechanically stored potential energy around a spherical inclusion is used for the
creation of new surfaces at the moment of debonding. The authors assumed that
debonding takes place around the poles of the spherical particles and proceeds to
an angle of 25° instantaneously under the effect of a constant stress in this region.
The second model developed by Pukanszky and Voros [14] is also based on
energy equalities but without the constant stress assumption made by Vollenberg

et al. [12, 13]. It predicts the debonding stress, op, as

1
W, E \2
o, =—C,0; +C2( ;B ]2 1)

where C; and C; are constants having exact physical meanings, ot is the thermal
stress induced by the different thermal expansion of the components, Wag is the
reversible work of adhesion, E is the tensile modulus of the matrix and R is the
radius of the particles. Accordingly, smaller particles debond at larger stresses;
moreover, debonding occurs over a broad stress range due to the inherently wide
particle size distribution of natural fillers. The prediction of debonding stress is
difficult with either model since their constants are not known and can not be

determined by simple measurements.

Modulus as well as yield stress are strongly affected by particle shape and
orientation [15-17]. The aspect ratio of particles can change from 1 (beads) up to
100 or more (needles). In order to obtain some reinforcing effect in the composite
either very small particles or a minimum aspect ratio is needed [18]. Furthermore,
anisotropic particles must be aligned in the loading direction to increase the
mechanical properties of the composite. Usually significant weakening of the
material can be observed, if the particles are orientated perpendicularly to the

direction of the force [19].
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Due to the viscoelastic nature of polypropylene (PP), mechanical properties
depend significantly on time and temperature. Several studies focused on the
mechanism of micromechanical deformations of neat PP under different testing
conditions [20-22]. Much less work has been done to investigate the behavior of
particulate filled composites at different temperatures [23] and only few studies
determined the mechanical behavior over a wide temperature range, below and
above the glass transition temperature (Tg), which changes the deformation
mechanisms significantly also including the ductile-to-brittle transition [24]. The
response of the polymeric matrix to local stress concentrations developing around
the filler particles can vary from micro-cracking to shear yielding and thus may

depend also on temperature and strain rate.

The objective of this research was to determine the mechanical properties of
particulate filled composites as a function of temperature and strain rate. Glass
beads with two different sizes and talc were used as fillers to investigate the effect
of particle size, shape and orientation. The load-bearing capacity of the filler and
thus the strength of interfacial interaction were investigated with respect to the

viscoelastic behavior of the matrix.

2. EXPERIMENTAL MATERIALS AND PROCEDURE

The matrix material was a development grade PP homopolymer, provided by
Borealis Polyolefine GmbH Linz (Linz, Austria) and delivered as injection molded
tensile bars corresponding to 1ISO 3167 type B. The neat material as well as
composites using this homopolymer as a matrix were extensively characterized in
monotonic tension, under monotonic compression and in long-term compressive
relaxation tests [25-27]. Two glass beads (GB) of different mean diameter (larger
diameter: Spheriglass 3000 (GB-L); smaller diameter: Spheriglass 5000 (GB-S))
from Potters Europe (Barnsley, UK), were used as spherical fillers. Luzenac A7
talc provided by Luzenac Europe (Toulouse, France) was used as non-spherical
filler in order to change particle shape. An overview of the nomenclature and
composition of the composites studied is given in Table 1. The characteristics of

the particles will be discussed in the next section in detail.
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Table 1: Material designation and composition.

Material Filler designation Weight fraction of filler Volume fraction of filler
PP - - -

PP-G3.5S GB-S 0.10 0.034
PP-G7.0S GB-S 0.20 0.073
PP-G3.5L GB-L 0.10 0.034
PP-G7.0L GB-L 0.20 0.073
PP-T3.5 Talc 0.09 0.035
PP-T7.0 Talc 0.18 0.075

Tensile tests were carried out using the electromechanical universal testing
machine type Instron 5500 (Instron LTD; High Wycombe, USA) at constant
crosshead displacement rates covering five orders of magnitude from
0.0001 mm/s to 1 mm/s. A temperature chamber was mounted on the frame of the
testing machine to carry out tests at -30 °C, -10 °C, 50 °C and 80 °C. The initial
specimen length between the wedge grips was 115 mm. Axial strain was
measured by an Instron 2630-112 mechanical clip-on extensometer with a initial

gauge length of 50 mm.

3. RESULTS AND DISCUSSION

In the first part of this section the key particle characteristics determining the
performance of the composites will be analyzed. In the second part, the effect of
particle size and content on composite yield stress is discussed as a function of
strain rate and temperature. The influence of particle shape and orientation on the
same property is treated in the third part. Finally, a model is applied for the
prediction of the composite yield stress, and the strength of particle-matrix

interaction is estimated quantitatively.
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3.1. Particle Characteristics

For micromechanical modeling purposes, volume fraction instead of mass fraction
of fillers must be used. Similarly, the particle size distribution based on the number
and not on the volume or weight of the particles must be determined. Many
standard measurement procedures (e.g. sieving, Cilas Laser Particle Size
Analyzers) give particle size distributions based on weight or volume, respectively.
However, to properly characterize our fillers used, the particle size distributions
were determined from scanning electron micrographs (SEM). Typical micrographs
taken from two of the fillers studied are depicted in Fig. 1, exhibiting the broad
range of the filler particle size. Micrographs were taken at different resolutions to
cover the entire range of sizes. The same number of particles was counted in each
micrograph to eliminate any possible bias of the final distribution. The particle size
distributions of the investigated fillers are depicted in Fig. 2. Only small differences
can be found among the three fillers, although those small differences may change
the performance of the composite significantly, as will be shown in the following
sections. It is worth noting that more than 1000 particles were measured for each
distribution. Since talc has a plate-like structure, its aspect ratio was also
determined by measuring the length and thickness of the platelets. The distribution
of the aspect ratio is plotted in Fig. 3, showing that the mean aspect ratio is
approximately 8. The mechanical filler properties and other the particle

characteristics are summarized in Table 2.

Talc is also known to act as a nucleating agent for PP. Compared to the neat PP
matrix, this may change the crystallization of the polymeric matrix and its
morphology significantly, which results in different mechanical properties of the
two matrix state in the filled versus the unfilled case [28]. However, as was shown
by Pukanszky et al. [29], the reinforcing effect of stiff particles overwhelms any
effects of the modification in morphology (i.e., increase in the crystallinity or

lamellar thickness) and thus has not been considered in this paper.

" All figures of this paper are collected at the end of the text.
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Table 2: Mechanical properties and characteristics of the investigated particles.

Tensile modulus and Poisson’s ratio were obtained from data sheets.

Particle Tensile Poisson’'s  Mean Specific Aspect  Coating
modulus ratio diameter surface area ratio
(GPa) (um) (m?/g)
GB-S 70 0.21 1.31 1.07 1 Yes
GB-L 70 0.21 1.58 0.6” 1 Yes
Talc 90% 0.21% 1.73 9.09 8 No

a) Determined on the bulk material
b) Cilas Test Method

C) Determined by BET measurement

3.2. Effect of particle size on yield stress

The vyield stress of particulate filled composites is determined by the constituent
properties, the composition, the particle spatial distribution, and the particle/matrix
interfacial interaction. The irreversible deformation processes in neat PP include
shear-yielding and crazing followed by micro-cracking the relative contribution and
importance depending on strain rate, temperature and stress state [30-32]. In
particulate filled PP composites the dominating micromechanical deformation
process is usually debonding often accompanied by shear yielding and/or crazing
of the matrix [33]. Utilizing the tensile test it is possible to identify the primary
micromechanical deformation process and under certain testing conditions allows
for a quantitative description of the debonding process. The stress versus strain
response of PP and PP-G7.0S below and above Tq4 are presented in Fig. 4 up to
the yield stress to demonstrate the effect of the viscoelastic nature of the
polymeric matrix. The yield stress of PP depends strongly on test temperature and
increases from 14 MPa at 80 °C to 69 MPa at -30 °C with a simultaneous
decrease of yield strain. At -30 °C the end of the stress-strain curve plotted in Fig.
4 corresponds to ultimate fracture of the specimen. Based on observations in
separately carried out SEM in-situ tensile experiments, the primary deformation
mechanisms at low temperature are crazing and micro-cracking followed by brittle

failure of the specimen. Crazing and shear yielding under large strains (>100 %)
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were observed at 23 °C and 80 °C indicating that the dominant deformation
process changes around Tg4 for neat PP. The glass bead filled composite PP-
G7.0S exhibits an increase in modulus, while for the yield stress the same values
were obtained as for neat PP. Compared to the neat PP, the yield strain of the
composite is lower at all temperatures investigated, the difference becoming
smaller at higher temperatures. At -30 °C brittle fracture without necking was
observed for the composite, whereas necking and shear yielding under large
strains occurred at 23 °C and 80 °C.

As the debonding stress according to the above discussion strongly depends on
particle size (Eqg. 1) and considering the wide range of particle sizes according to
the particle size distribution presented in Fig. 3, it follows that debonding does not
occur at a certain stress level but over a wider stress range. The size distributions
of the two glass bead fillers differ only slightly; a few large particles can only be
observed in the large grade GB-L. Accordingly, the big particles may debond first
from the matrix at lower stresses followed by the growth of voids around these
particles. The tensile behavior of PP-G3.5S and PP-G3.5L is compared in Fig. 5
showing that the composite containing the large glass beads exhibits a lower yield
stress. The two stress-strain curves deviate from one another at a stress level of
about 20 MPa. The difference between the curves is increasing with strain,
demonstrating that debonding and void growth reduces the effective cross-section
and thus, the load-bearing capacity of the specimen. Comparing the response of
the two composites it becomes evident that debonding of the large particles starts

well before nominal macroscopic yielding of the composite.

The temperature dependence of the yield stress of PP-G3.5S and PP-G3.5L is
plotted in Fig. 6. Obviously, the effect of particle size depends considerably on
temperature. At temperatures below T4 much higher stresses develop during the
tensile tests than at 23 °C and above. Debonding of large particles under large
stresses occurs easily and the yield stress of the composites containing the two
grades differs considerably. With increasing temperature the difference in yield
stress becomes smaller and equal yield stress values were measured at 80 °C.
This behavior can be explained again by Eq. 1, in which three parameters depend

on temperature: (1) thermal stresses within the matrix oy, (2) reversible work of
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adhesion Wxg, and (3) the modulus of the neat matrix E. In general, to obtain local
stresses in the matrix, thermal stresses which decrease with increasing
temperature are superimposed on the mechanically induced local stress field
resulting from external specimen loads. Nevertheless, as internal thermal stresses
in PP composites with a Ty at -10 °C may relax when stored at room temperature
at least to some degree and compared to the magnitude of the external load
induced stresses, the effect of the thermal stresses is neglected in the subsequent
discussion. The reversible work of adhesion depends only slightly on temperature
[34], thus it may not change the debonding stress as a function of temperature
significantly. In contrast, the tensile modulus of the matrix strongly depends on
temperature and decreases from 4452 MPa at -30 °C to 567 MPa at 80 °C for a
strain rate of 8.7x10° s™. According to Eq. 1, the decrease of the modulus with
temperature changes the debonding stress by a factor of approximately 2.8, while
in the observed temperature range the yield stress changes by a factor of 4.7 from
about 70 MPa to 15 MPa. Hence, the temperature dependence of the yield stress
is more pronounced than that of the debonding stress. In other words, while at low
temperatures debonding is the primary deformation process significantly prior to
crazing and micro-cracking and macroscopic yielding, at elevated temperatures,
the dominating deformation process may change from debonding of the particles
to plastic deformation mechanisms (mainly shear yielding and crazing) of the

matrix.

Matrix yield stress vs. temperature, not depicted in Fig. 6, is similar to the yield
stress curve of the composite containing the small glass beads. If we assume
debonding of some of the particles and as the yield stress remains unaffected by
the filler, some load must be carried even by spherical particles to balance the
effect of debonding. Strong interfacial interaction is required for an effective load

transfer from the matrix to the filler.

The effect of strain rate on the yield stress at room temperature is depicted in Fig.
7 for all four glass bead filled composites. PP-G3.5S and PP-7.0S containing the
small glass beads exhibit higher yield stress values than PP-G3.5L and PP-7.0L.
No significant effect of filler volume fraction on the yield stress could be observed
in the range investigated. Apparently, the decrease of the effective load-bearing
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cross-section is compensated by the load carried by the particles fully attached to
the matrix even at the yield point and by the dissimilar properties of the hard
interphase forming between the matrix and the particles. Among other parameters
(e.g., chemical reactions at the interface, physical adsorption of the polymer), the
amount of interphase depends primarily on the specific surface area of the
particles and on the particle content [35]. Despite the controversy related to the
mechanical properties of the interphase [36, 37], the formation of a hard interlayer
with reduced molecular mobility can be assumed in the case of stiff particles [38].
This interphase results in an increase in the overall stiffness and yield stress of the
composites. In addition to the fully attached patrticles, it may thus compensate for
the reduction of the effective cross-section. In the investigated strain rate range,
the difference in the yield stresses of the composites containing the large and
small glass beads is constant, indicating that only one deformation mechanism is
dominant. As the modulus of the PP matrix compared to temperature effects only
slightly depends on strain rate, the ratio of the debonding stress to the yield stress

remains almost constant.

In order to support these findings, SEM investigations of fracture surfaces were
performed. For low temperature tensile tests, the fracture surfaces were obtained
directly from the tensile tests performed. At room temperature and elevated
temperature, tensile tests were stopped at different strains and subsequently
unloaded. To generate fracture surfaces for these specimens, the specimens were
subsequently frozen in liquid nitrogen and then fractured in the cold condition. Two
selected micrographs are presented in Fig. 8. The fracture surface of PP-G7.0L
obtained at -30 °C and shown in Fig. 8a clearly exhibits interfacial failure around
the glass bead. Furthermore, a smooth and completely matrix-free particle surface
is observed, proving that the debonding of the particles takes place under these
conditions. In contrast, different fracture surface characteristics were found for a
specimen loaded at 23 °C up to the yield strain and then subsequently first
unloaded and then fractured after exposing it to liquid nitrogen. While some of the
differences are certainly due to the different temperature conditions at fracture,
most notably, good adherence between the glass bead particle and the PP matrix
IS visible, indicating that no prior debonding in the tensile test at room temperature

had occurred even though the specimen had been strained up to the yield strain.
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3.3. Influence of particle shape and orientation on the yield stress

When comparing talc to glass beads, it is worth mentioning that the specific
surface area of talc is about 10 times larger than that of the glass beads, leading
to a corresponding difference to the amount of interphase formed in the respective
composites. Yield stress values of the neat PP and talc filled PP-T7.0 are
compared in Fig. 9 as a function of temperature. Analogous to the PP glass bead
materials, debonding of talc particles might occur at low temperatures resulting in
a decrease of the composite yield stress compared to that of the matrix. As similar
yield stresses were measured for the composite and the matrix at 23 °C, the
decrease in the effective cross-section is apparently compensated by the
development of a hard interphase and by the load carried by bonded filler
particles. At elevated temperatures, the yield stress of the composite exceeds that
of the matrix, since the debonding stress becomes equal or even larger than the
yield stress. Only a few large particles may debond from the matrix, which can

easily be compensated by the load-bearing particles.

The influence of talc content on the yield stress is shown in Fig. 10 for two
temperatures. While at -30 °C the yield stress decreases with increasing filler
content, the opposite behavior was found for 80 °C. This can be attributed to the
different dependence of yield and debonding stress on temperature. In agreement
with models published elsewhere [39], a non-linear dependence of the yield stress
on filler content was determined for both temperatures. In real materials
superimposed may be effects of particle orientation distribution, which itself may

depend on particle content [40].

3.4. Modeling of yield stress and particle-matrix interaction

A proper model of the yield process in particulate filled composites needs to
account for the complexity of the micromechanical deformation processes
described and discussed above. Hence, any analytical and semi-empirical model
in which perfect bonding of the particles to the matrix is assumed up to the yield
point are not capable to simulate the yield behavior adequately. A reasonably
successful model for the prediction of the composition dependence of the yield

stress in particulate filled composites has been developed by Pukanszky et al.
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[41, 42]. This model consists of three parts; matrix yield stress, effective load-
bearing cross-section, and particle-matrix interaction by expressing the load
carried by the particles:

1 (éf B¢f
Tye = Tym 1+ 2.5¢; @

where oy and oym are the yield stress of the composite and the matrix,
respectively, and B is given by

B=(+lp, A, )In

®3)

y,m

where | is the thickness of the interphase, o and As the density and specific
surface area of the particles and oy the yield stress of the interphase. The
strength and thickness of the interphase can be calculated from parameter B, if the
value is available for at least two different specific surface areas of the same filler.
In order to calculate B Eq. 2 was rearranged to obtain the relative yield stress oy rei:

o, 14254, o
Oy rel = e = eB¢ (4)
O-y,m 1_¢f

As plotting the logarithm of the relative yield stress against the volume fraction of
filler should give a straight line with the slope of B, it is plotted in this form at room
temperature for one strain rate in Fig. 11. We must call attention to the fact that
only three points are available for the linear fitting, thus the results must be treated
with care. Since the relative yield stress increases as a function of filler content,
some load must be carried by the particles (B > 0). While very good linear
correlations were found for the composites containing the two glass beads, a non-
linear relationship was obtained for the composites filled with talc. This may be
associated with different orientations of the talc particles in the specimens at the

two volume fractions studied.

The parameter B was calculated at different strain rates and temperatures to
quantify the strength of interfacial interaction between the matrix and the particle.
In Fig. 12 B is depicted as a function of strain rate for a test temperature of 23 °C.

While a definite trend can be observed for the talc filled composite, the strain rate
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dependence of the glass bead filled composites does not exhibit an obvious
characteristic. In the talc filled composite the dominating micro-deformation
process may change as B increases with decreasing strain rate. The tensile
modulus of the matrix is the only strain rate dependent parameter in Eq. 1. The
ratio of the yield to the debonding stress decreases monotonically with decreasing
deformation rate. Thus, debonding initiates closer to the yield stress at low loading
rates than at high loading rates. The primary deformation process of PP under fast
loading conditions is crazing and micro-cracking followed by brittle fracture, while
shear yielding and to some degree crazing dominate at moderate and low loading
rates [30-32]. It is worth noting that at typical testing conditions (strain rate and
temperature) micro-cracking and shear yielding can be observed simultaneously.
The same processes can be observed in the composite, but debonding of the
particles may occur additionally. Due to local stress concentrations around the
particles, brittle fracture is favored in the composite and ductile fracture occurs at
lower strain rates than in the neat matrix. The relative importance of the various
micro-deformation processes (debonding, crazing and micro-cracking, and shear
yielding and crazing) changes slowly with the rate of deformation and finally

results in an increase of B with decreasing strain rate.

For the two glass bead filled composites, B increases slightly with decreasing
strain rate, with the lowest B value measured at a strain rate of 8.7x10* s™*. Larger
B values were measured for the composites containing the small glass beads with
the larger specific surface area, which can be explained with larger debonding
stresses. Even though the two glass beads have a specific surface area ten times
smaller than talc, their B values are of the same magnitude. This can be related
mainly to the surface modification and coupling of the glass beads, which is
obviously quite effective and can compensate for the low specific surface area of

the spherical filler.

Parameter B is depicted as a function of temperature in Fig. 13 for the fastest
strain rate investigated. Again a clear tendency can be observed for the talc filled
composite; B increases from values of about 2 up to 6 in the temperature range
from -30 °C to 80 °C. This increase of B by a factor of 3 can be explained by a

significant change of the dominating micro-deformation process from particle
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debonding and matrix crazing and micro-cracking in the low temperature range to
limited particle debonding and shear yielding with some crazing of the matrix at
elevated temperatures. These findings are in agreement with the strain rate
dependence shown in Fig. 12 and with the explanations given in previous sections

above.

The behavior of the glass bead filled composites seems to be much more
complicated. The parameter B increases up to 50 °C, with larger values for the
small glass beads due to their larger specific surface area. The difference in the
effect of the two glass beads decreases continuously with temperature and at
80 °C the composite containing the large glass beads has a larger B value than
that prepared with the small beads. Moreover, B is reduced significantly at
elevated temperatures for both glass bead filled composites. Three temperature
dependent quantities describe B; the thickness and yield stress of the interphase
and matrix yield stress. Obviously, both yield stresses decrease with temperature.
Because of the reduced mobility of the molecules adsorbed on the surface of the
filler, we may assume a weaker temperature dependence for the yield stress of the
interphase. Accordingly, the ratio of the interphase to matrix yield stress increases
and so does B. However, with increasing temperature the strength of interaction
decreases and the mobility of the molecules in the interphase increases. Thus,
with further increase in temperature, the yielding of the matrix becomes dominant.
The combination of all these effects may lead to the decrease of B at high

temperatures. Naturally, this tentative explanation needs further study and proof.

4. CONCLUSIONS

The interpretation of the results in terms of particle size and shape proved the
importance of interfacial interactions in the determination of composite properties
measured at large deformations. The debonding stress decreased with increasing
particle size, leading to a corresponding decrease also in the yield stress. Because
of the different temperature dependences of the matrix properties, debonding
stress values approached the yield stress with increasing temperature. At low
temperatures, the dominating deformation micro-mechanisms were debonding and

crazing associated with micro-cracking, leading to brittle fracture. As the
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temperature was increased, the deformation micro-mechanisms change and were
dominated by shear yielding of the matrix leading to ductile failure. A change in the
dominating mechanism was also observed in composites filled with talc, which led
to a different composition dependence at various temperatures. Yield stress
values were found to decrease with increasing filler loading at low temperatures,
but true reinforcement was observed for higher temperatures. The effect of
interfacial interactions was expressed in quantitative terms by using an model
proposed by Pukanszky and Voros. The changing load-bearing capacity of fillers
with different particle characteristics could be related to the dominating micro-
deformation mechanisms and to their dependence on the experimental conditions

(temperature and loading rate).
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Fig. 1. SEM micrographs of the investigated fillers a) large glass beads and b) talc.
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Fig. 2. Particle size distribution of the fillers.
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Fig. 3. Aspect ratio distribution of talc.
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Fig. 4. Stress-strain curves of PP and PP-G7.0S measured below and above the

glass transition temperature, up to the yield stress (23 °C and 80 °C) and to
fracture (-30 °C), respectively.
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Fig. 8. SEM micrographs taken from the fracture surfaces of a) a tensile specimen
tested at -30°C and b) deformed at 23°C up to the yield point,

subsequently unloaded and broken at liquid nitrogen temperature.
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study.
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ABSTRACT

Volume strain measurements of particulate filled polypropylene (PP) composites
containing different glass beads and talc as filler were carried out in tension at two
temperatures (23 °C and 80 °C) in the strain rate range from 8.7x10°s™ to
8.7x10°% s to determine the micro-mechanisms of deformation. While local
cavitation mechanisms (micro-voiding, crazing, and micro-cracking) and
subsequent debonding of the particles dominated as failure mechanisms at high
strain rates and at room temperature, a more significant contribution of local shear

yielding was observed with a reduced contribution of cavitation mechanisms at low
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strain rates or at 80 °C. This change in the dominating micro-mechanisms of
deformation resulted in smaller volume strains during the tensile loading of the
composites than for the respective neat matrix. Moreover, a novel approach is
introduced for the detection of debonding using volume strain measurements,
which takes into account the dilatational and deviatoric behavior of the neat matrix
polymer and the composite, respectively. The results are supported by acoustic

emission measurements carried out simultaneously with the same specimens.

Keywords: Particulate filled polypropylene; Micro-mechanisms of deformation;

Volume Strain;

1. INTRODUCTION

Particulate filled polymer composites have been used in increasing quantities in
various applications e.g., in the automotive industry, for appliances or as garden
furniture [1, 2]. The properties of these composites are basically determined by the
behavior of the matrix, the properties of the filler, the composition, the particle
spatial distribution and the interfacial interaction [3]. Although such heterogeneous
systems are of large scientific and practical interest, their behavior under external
load is not fully understood. Further research is necessary to understand and to
predict properly the debonding of the particles, i.e., the failure at the interface and
the detachment of the particles from the matrix, as well as other micro-

mechanisms of failure including shear yielding, crazing and micro-cracking.

The debonding stress is one of the key parameters of particulate filled composites
and it is strongly related to particle size. Two models have been proposed in the
literature [4-6] to calculate the debonding stress of spherical particles, which are
not bonded chemically to the matrix. The first model derived by Vollenberg et al.
[4, 5] is based on the assumption that the mechanically stored potential energy
around a spherical inclusion is used for the creation of new surfaces at the
moment of debonding. The authors assumed that debonding takes place around
the poles of the spherical particle and proceeds instantaneously at an angle of 25°.
The second model developed by Pukanszky and Voros [6] is also based on
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energy equalities but without the assumptions made by Vollenberg et al. [4, 5] and

gives the debonding stress, op, as

1
W, .E \2
op, =—C,07 +C2( ;B ]2 1)

where C; and C; are constants having exact physical meanings, ot is the thermal
stress induced by the different thermal expansion of the components, Wag is the
reversible work of adhesion, E is the tensile modulus of the matrix and R is the
radius of the particles. Accordingly, smaller particles debond at higher stresses,
moreover, debonding occurs over a broad strain range due to the inherently wide
particle size distribution of commercial fillers. The prediction of debonding stress is
difficult with either model since their constants are not known and can not be

determined by simple measurements.

In order to detect the onset and to investigate the further progress of debonding,
several methods have been proposed in the literature and applied in practice like
in-situ tensile experiments [7], volume strain measurements [8-10] or the
measurement of acoustic emission [11, 12]. One of the first studies aimed at the
determination of debonding stress of stiff particles in polymer composites was
carried out by Vollenberg [4], who performed tensile tests under light microscope
and assigned the initiation of the debonding process to a “kink” in the stress-strain
curve. Since this irregularity in the stress-strain curve was not confirmed in later
experiments, volume strain measurements have been used more and more
frequently. Different approaches exist in the literature for the determination of the
initiation of debonding. A bilinear fitting was applied to the volume strain curve and
the intersection of these linear regimes was related to the onset of debonding in
one approach [13], which, however, completely neglects the differences in the
dilatational and deviatoric responses of the matrix and the composite, respectively.
Another approach defines the onset of debonding as the deviation of the
dilatational from the overall volume strain [9]. The behavior of the matrix is not
considered in this approach, but the results showed that the matrix might deviate
from the dilatational behavior of the composites at small strains. In order to
account for the dilatational deformation of the matrix, Sinien et al. [14] proposed to

subtract the volume strain of the matrix from that of the composite. They justified
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their approach with the help of high-precision volume strain measurements, but
this method fails to predict the onset of debonding properly due to differences in
Poisson’s ratio and thus in the dilatational volume strain of the matrix and
composite, respectively. To overcome the drawbacks of the approaches described
above, Meddad and Fisa [8] suggested the subtraction of both the dilatational
volume strain of the composite and the volume strain of the matrix from composite
volume strain. The different local strain states (i.e., strain distribution and degree
of constraint) in the matrix and in the composite are not considered in this
procedure, so that this may lead to a significant error in the evaluation of the
debonding stress. A model separating the dilatational, deviatoric and cavitational
parts of the volume strain curve was developed by Heikens et al. [15], which may
in principle also lead to reasonable results for the debonding stress in polymer
composites deforming with a single, well defined mechanism. However, it must be
emphasized that in filled polymer systems such as the particulate filled PP
composites investigated in this study, several micro-mechanisms may contribute
to an increase in the cavitational component of deformation (volume strain). This
include debonding at the particle-matrix interface, and various mechanisms of void
formation, crazing, and micro-cracking in the matrix [16, 17]. This, of course,
complicates the experimental determination of the debonding stress via volume

strain measurements.

In order to overcome the problems mentioned above and to make use of volume
strain measurements for the characterization of the debonding process, a novel
approach is introduced which is supported and verified by acoustic emission
measurements. Hence, volume strain curves of the neat polymer, as well as talc
and glass bead filled PP composites were determined and analyzed as a function
of strain rate and temperature, and the dominating micro-mechanical deformation

process under various conditions were deduced.
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2. EXPERIMENTAL

2.1. Materials

The matrix material was a development grade PP homopolymer, provided by
Borealis Polyolefine GmbH Linz (Linz, Austria) and delivered as injection molded
tensile bars corresponding to ISO 3167 type B. The same material was extensively
characterized under monotonic compression and in long-term compressive
relaxation tests [18, 19]. Two glass beads (GB) with different sizes, Spheriglass
3000 (GB-L), large, and Spheriglass 5000 (GB-S), small, from Potters Europe
(Barnsley, UK), were used as spherical fillers. Luzenac A7 talc provided by
Luzenac Europe (Toulouse, France) was used as non-spherical filler in order to
change particle shape. Glass beads and talc were added at two different volume
fractions to PP in order to study the influence of particle content on the
deformation behavior of the composites. An overview of the nomenclature and

composition of the composites studied is given in Table 1.

Table 1: Nomenclature and composition of the materials investigated

Material Filler Weight fraction of filler  Volume fraction of filler
PP - - -

PP-G3.5S GB-S 0.10 0.034
PP-G7.0S GB-S 0.20 0.073
PP-G3.5L GB-L 0.10 0.034
PP-G7.0L GB-L 0.20 0.073
PP-T3.5 talc 0.09 0.035

PP-T7.0 talc 0.18 0.075

The mean particle size was determined from scanning electron micrographs
(SEM) by counting more than 1000 particles for each of the fillers. Due to the platy
structure of talc, its aspect ratio was also determined by measuring the length and
thickness of the platelets. Properties necessary for the understanding of the
behavior of the composites are listed in Table 2. The size and aspect ratio

distributions are discussed in detail elsewhere [20].
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Table 2: Elastic properties and particle characteristics of the investigated fillers.

Tensile modulus and Poisson’s ratio were taken from the data sheets of

the supplier.
Particle  Tensile Poisson’s Mean Specific Aspect Coating
modulus ratio diameter  surface area  ratio
(GPa) (Hm) (m?/g)
GB-S 70 0.21 1.31 1.0? 1 Yes
GB-L 70 0.21 1.58 0.6? 1 Yes
Talc 90" 0.21" 1.73 9.0% 8 No

1) Determined on bulk material.
2) Cisal Test Method

3) Determined by BET measurement

2.2. Experimental setup

Tensile tests were performed using an electromechanical universal testing
machine Instron 5500 (Instron LTD, High Wycombe, USA) at constant crosshead
displacement rates of 0.01 mm/s and 1 mm/s corresponding to strain rates of
8.7x10° s™'and 8.7x10° s™. Tests were performed at 23 °C and 80 °C. Initial
gauge length was 115 mm. The 3D Digital Image Correlation (DIC) system Aramis
(Gesellschatft fur optische Messtechnik mbH, Braunschweig, D) was utilized for the
accurate determination of volume strain. The equipment is described in detail in
[21]. To allow for a sufficient optical signal detection and to avoid heating of the
specimen during testing, the light directed onto the specimen was provided by the
cold light system Dedocool (Dedo Weigert Film GmbH; Munich, D).The 3D-DIC
system consists of two cameras, which record simultaneously the front surface of
the specimen during the tensile test. The relative position of the two cameras to
each other and the position of the specimen in the 3D-space are assured by the
calibration of the system. Hence, the out-of-plane movement of the specimen is
corrected automatically and has no impact on the accuracy of the strain
measurement. The full strain field on the front surface of the specimen is
determined as a function of the longitudinal and transverse strains. Since the main

focus of this investigation is on the volumetric behavior of the composites up to or
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only slightly beyond the yield point, the deformation monitored was completely
homogeneous. In this case an average strain can be calculated by taking the
mean of all sub-sets of the evaluated area, thus obtaining one average value for
the longitudinal and the transverse strains, respectively. This averaging procedure
increases the accuracy of the measurement significantly without any loss of

information.

In addition to volume strain, the acoustic signals transmitted by the debonding of
the particles were recorded for selected testing conditions and composites using a
Sensophone AED 40/4 apparatus. Signals with amplitudes larger than 21 dB were
recorded during the measurements. Volume strain and acoustic signals were
recorded simultaneously on the same specimen to avoid errors coming from

specimen-to-specimen variations.

2.3. Data reduction

The DIC system was applied in terms of technical strains to evaluate the essential

data. True longitudinal strain &, and true transverse strain &; are given by
&y =In+e,)) 2)

and

& =In(l+¢,,) 3

where &, and &,; are the nominal longitudinal and nominal transverse strains,
respectively. The Hencky strain definition enables us to calculate the volume strain

& by the combination of the three principal strains according to
& =&yt 28’(,’( (4)
assuming that deformations are equal in the width and thickness of the specimen.

Poisson’s ratio, v was obtained in the strain range of 0.0005-0.0025 according to

& — &
nt2 n,tl
V=——"""—"" (5)
Eni2 €

and the dilatational volume strain, &, 4i, IS given by
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Evail = &y (1—2v) (6)
Nominal stress, o, and true stress, o, are defined as

(7)

and

_ F _F
Ay A ®)

in which F is the force, Ay the initial and A the actual cross-section of the

specimen.

3. RESULTS AND DISCUSSION

3.1. Effect of particle size and content on deformation behavior

True strain vs. volume strain and true strain vs. true stress curves are presented in
Fig. 1" for PP and PP-G3.5S at two different strain rates. As the strain rate
decreases, lower stress levels are obtained both for the neat and the filled PP. The
true strain-true stress curves are nonlinear from the very beginning of loading, thus
no “kink” as suggested by Vollenberg et al. [4] can be detected on the curve and
utilized for the determination of the onset of debonding. The volumetric response
of neat PP in tension can be roughly divided into three stages or components
[22-27]. The first component of increasing volume strain is caused by the negative
hydrostatic pressure developing in tensile loading. The second component
developing on a local scale initially is related to the compaction of amorphous
chains (involving local strain induced crystallization) and to the destruction of
crystalline order accompanied and followed by various cavitation mechanisms
(void formation, crazing and micro-cracking). While amorphous chain compaction

results in a decrease of effective volume, the destruction of crystalline order and

" All figures of this paper are collected at the end of the text.
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the appearance of the various cavitational mechanisms decrease the density and
thus increase volume. In this stage of deformation, cavitation is the dominating
micromechanical deformation process, in which the increase in volume strain
approaches the increase in longitudinal strain. Finally, in the third and last stage of
post-yield deformation (regime of strain hardening prior to ultimate failure) strain
induced re-crystallization and post-crystallization also involving volume changes
may take place on a global scale. The various competitive processes described
depend on test conditions (strain rate and temperature).

Regarding the deformation range performed as part of the study, the first two
stages contribute to volume strain up to the strain levels investigated (Fig. 1).
When strain rate decreases, volume strain decreases since (i) the hydrostatic
pressure developed is smaller and (ii) the molecules have more time to get aligned
in the direction of the load. In addition to the mechanisms described for neat PP,
the debonding process increases the volume strain of the composites further.
Comparing the volume strain curves of PP and PP-G3.5S at the higher strain rate,
it becomes apparent that at a volume strain of about 0.02 the composite exhibits a
significantly larger volume strain due to the debonding of the particles from the
matrix (see Fig. 1). The difference between PP and the composite is remarkably
reduced at the lower strain rate. However, the volume strain of PP-G3.5S is
slightly smaller than that of PP at strains below 0.06 and almost identical values
were determined for the two materials at the yield point. Void formation, crazing
and micro-cracking occur in the neat PP before yielding of the specimen, which
contributes to the volume increase. In the presence of particles, the stress fields
change locally and thus may suppress cavitational deformation modes at least to
some extent (as long as the matrix remains attached to the particles), and instead

may initiate local shear yielding of the surrounding matrix [28].

The effect of particle size on the volumetric behavior is shown in Fig. 2 for the
lowest strain rate of 8.7x10° s™. The comparison of the traces obtained for PP,
PP-G3.5S and PP-G3.5L clearly shows that the volume strain of both composites
is smaller up to a strain of 0.05. It is worth noting that although this behavior is
explained by the suppression of cavitational deformation modes in the composite,
but it may be caused at least partly by the limited accuracy of the determination of
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volume strain. The differences in the deformation of the matrix and composite are
rather small. However, the volume strain-true strain traces of PP-G3.5L and PP-
G3.5S coincide up to the strain of 0.03. Beyond this strain level the volume strain
of PP-G3.5L is larger than that of PP-G3.5S, because of the lower debonding
stress of larger particles as predicted by Eq. 1. As a result of the particle
debonding, voids are created and volume strain increases. The yield stress of PP-
G3.5L is smaller than that of PP-G3.5S, because of the smaller effective load-
bearing cross-section of the specimen in the former case, as described in detail in
[20].

Volume strain depends also on volume fraction of filler, which becomes evident if
we compare the traces of PP-G3.5S and PP-G7.0S. At very low strains (<0.01),
volume strain increases mainly because of the different dilatational behavior of the
composites. Adding glass beads to PP decreases Poisson’s ratio and increases
the dilatational volume strain (see Eq. 6). Any further increase of the volume
strain-true strain curve in the post-yield regime may be attributed to the debonding
of particles. The slope in these curves at larger strains can be related to particle
content [29, 30], since the number and size of voids created are proportional to the

volume fraction of the filler.

The effect of temperature on the deformation behavior of the various materials
investigated is shown in Fig. 3, in which the traces of PP, PP-G3.5S and PP-
G7.0S are compared. The volume strain of neat PP is smaller at elevated
temperature than at 23 °C (see Fig. 1). The decrease of volume strain is mainly
associated to (i) the changing value of Poisson’s ratio (close to 0.5 at 80 °C) and
(i) to the significant contribution of local deformations in the amorphous regime.
The composite containing the lower volume fraction of filler has a considerably
smaller volume strain than the neat PP. This may be explained again by the
suppression of micro-cracks, but also by the relatively larger debonding stresses
compared to the yield stress of the composite. According to Eq. 1, the debonding
stress is proportional to the square root of the tensile modulus of the matrix. The
yield stress decreases more significantly than the square root of the modulus, i.e.,
debonding takes place at stresses more closely to the yield stress at 80 °C than at
23 °C.
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An increase in volume strain was detected for composites with the larger volume
fraction of filler compared to 23 °C. Up to a strain of about 0.05, the shape of the
volume strain-true strain curve is similar for PP-G3.5S and neat PP. The volume
strain of composites increases significantly beyond this strain level due to
debonding. Such behavior can be observed also at smaller volume fractions, but
at larger strains. As the particle content increases, the local strain among the
particles increases and various micro-deformation processes are initiated at lower

global strains.

3.2. Effect of particle shape and orientation on deformation behavior

True strain vs. volume strain and true strain vs. true stress curves are presented in
Fig. 4 for PP and PP-T3.5 at two different strain rates. Due to the plate like particle
geometry of talc, strain localization at the edges of these particles is significantly
larger than for spherical particles. These high local strains lead to a noticeable
reduction in the yield strain of the composite and to subsequent strain softening as
a result of debonding. The characteristics of the true stress-true strain and true
strain-volume strain traces changes significantly when platelets are added instead
of spheres. Although the volume strain of PP-T3.5 is larger than that of the neat
PP at both strain rates, the difference decreases with decreasing strain rate. Minor
differences were found in the volume strain of the two materials at yield, indicating
that up to the yield point the dominating micro-mechanism of deformation is not
debonding, but volume strain is determined by the general volumetric behavior of
the matrix. Beyond the yield point, the effect of strain rate on volume strain of PP-
T3.5 can be explained by the strain rate dependence of the debonding stress and
by changes in the specific deformation mechanisms related to the matrix. Due to
the higher matrix modulus for higher strain rates, debonding at the higher strain
rate also occurs at higher stress levels, however, at slightly lower strain levels.
More importantly, the slopes of the true volume strain vs. true strain curves in the
post-yield regime indicate a stronger contribution for cavitational mechanisms and

shear yielding mechanisms, respectively, for the higher and lower strain rate.

Volume strain-true strain curves measured at 80 °C are shown in Fig. 5 for PP and
for composites with both talc contents. The behavior of the talc filled composites

differs significantly from that of neat PP. At a strain value of about 0.01 the volume
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strain of the composites deviates from the one recorded for neat PP. Furthermore,
the volume strain decreases in a strain range from 0.03 to 0.08 and starts to
increase slightly before yield for the composite with the smaller filler content. Such
a decrease in volume strain has also been observed for neat PE and PP by other
authors and was related to volume compaction mechanisms (strain induced
crystallization of amorphous regions) during tension loading [22, 23]. However, in

contrast, such a behavior was not detected for the neat PP in this study.

Nevertheless, the explanation that the reduction of volume strain may be
associated with the compaction of amorphous chains in this specific strain range is
supported by the prevailing local stress field in particulate filled composites. This
behavior can not be related to the interphase in particle filled composites [31-33].
The interphase consists of molecules attached to both the matrix and the particles,
thus their mobility is significantly reduced. As a consequence, the transverse
deformation during longitudinal straining is reduced leading to an effective
decrease in Poisson’s ratio. This in turn increases the volume strain of particulate
filled composites but, might not be the dominating micromechanical deformation
process for the talc filled composite. The debonding of particles is obviously not
the dominating process up to the yield point for PP-T3.5. According to Eq. 1, the
debonding stress is closer to the yield stress of the composite at 80 °C than at
23 °C. Hence, debonding may start beyond the macroscopic yield point and result

in a significant increase of volume strain in the post-yield regime.

The volume strain curve of PP-T7.0 shows the same characteristic behavior as
PP-T3.5. Strain localization between the particles increases significantly due to the
larger volume fraction of filler and thus reduces the overall yield strain of the
composite. Moreover, the prevailing level of local constraint also increases in the
matrix, which may partly hinder amorphous chain compaction. Most of the
particles are aligned in the direction of loading in the tensile specimen [34].
However, the orientation distribution of the particles also depends on particle
content, as the space available for rotation in the melt flow process during

specimen production is reduced with increasing filler content.

The influence of particle shape on volume strain behavior is compared in Fig. 6 for
the composites with 3.5 v% filler content at 23 °C and 80 °C. Significant reduction
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of the volume strain can be observed with increasing testing temperature both for
the neat PP and for the composites. While the dominating micromechanical
deformation processes are apparently similar for the neat PP at both temperatures
(similar shape of the volume strain-true strain curve) and the increased molecular
mobility of the matrix results in the reduction of volume strain, the dominating
deformation process changes significantly with temperature for the composites.
This large change in behavior is caused by the difference in the ratio of debonding
stress to yield stress at the two temperatures and by the increased molecular
mobility of the matrix at 80 °C. The changing deformation mechanism may also
explain the relative increase in the yield strain of PP-T3.5 compared to that of the
neat PP as the temperature increases from 23 °C to 80 °C. The smaller volume
strain of PP-T3.5 compared to that of PP-G3.5 may be attributed to the prevailing
local stress field with higher shear stresses at the edges of the platelets in the talc
filled composite [35]. The higher local stresses may initiate the local shear yielding
of the matrix between two particles and suppress the cavitational modes of
deformation. Since for PP-G3.5S no decrease of volume strain occurred in the
strain range measured, amorphous chain compaction may not be of prime
importance. On the other hand, in the talc filled composite a decrease in volume
strain is clearly visible, indicating that amorphous chain compaction plays a role
even outbalancing any destruction of crystalline order. The relative importance of
chain compaction may be caused by increased crystallinity or thicker lamellae due

to the nucleating effect of talc [36, 37].

3.3. Determination of the debonding stress from volume strain

measurements

In this section a new approach is introduced for the determination of debonding
stress in polymer composites, which takes into account both the dilatational and
the deviatoric behavior of the matrix and the composite. The volume strain of a
polymeric can result from deviatoric, dilatational or cavitational deformation [9]. An
appropriate approach has to account for the behavior of the matrix and for the
difference in the dilatational response of the neat matrix and the composite
because of the presence of the particles. Since in most cases stiff particles have a

Poisson’s ratio different from that of the matrix, the dilatation volume strain
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changes with particle content according to Eq. 6. Volume strain and dilatational
volume strain are plotted as a function of true strain in Fig. 7. Dilatational
deformation was detected for PP up to 0.02 true strain, while deviatoric
deformation was observed subsequently up to 0.09 strain. Cavitation occurs in the
post-yield regime. In order to decouple the influence of the different dilatational
behavior of the matrix and the corresponding composites, the dilatational volume
strain is subtracted from the overall volume strain. The resulting curve represents
volume change due to deviatoric and cavitational deformation (also including
debonding of the particles). As in the selected example it may also be negative,
whenever the dilatational volume strain is larger in a certain strain range than the

overall volume strain.

In order to subtract the deviatoric and cavitational volume strain of the matrix from
that of the composite, a “corrected” true strain was calculated for the composites
to account for the different global yield strains of the neat matrix and the
composite, respectively. Since the local strain (and stress) is significantly larger in
particle filled composites than in the neat matrix, yielding occurs at a smaller
global strain. When comparing the yield strain of composites containing small and
large glass beads, differences of the yield strain in the order of a few per cent
caused by the dependence of debonding on glass bead size were obtained, which
were neglected. Thus, to account for the different local strain states in the neat
matrix and the composites and to obtain the “corrected” true strain value for a
composite that corresponds to the true strain value of the neat matrix, the true
strain of the composites was multiplied by the ratio of the matrix yield strain to the
composite yield strain.

Subsequently the deviatoric and cavitational volume strain curves of the matrix
were subtracted from that of the composite (true differential volume strain) using
the “corrected” true strain. The true differential volume strain vs. true strain traces
are shown in Fig. 8 for PP-G3.5L and PP-T3.5. Note that Fig. 8 is plotted as a
function of true strain and not against “corrected” true strain. The latter quantity
was necessary only to subtract the deviatoric and cavitational volume strain of the
matrix from that of the composite. For practical engineering reasons, the original
global strain values were applied for the determination of the debonding stress.
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Two principal cases can be distinguished when determining the onset of

debonding:

e If the dominating micromechanical deformation process is the same in the
matrix and the composite, the increase in the differential volume strain is
related to debonding. This behavior was found for PP-G3.5L and is shown
in Fig. 8, where the circle indicates the onset of debonding. The rate of

debonding increases with increasing strain up to a certain strain level.

e A change in the dominating micro-mode of deformation may also result in a
decrease of the differential volume strain (e.g., cavitational deformation
modes in the matrix and shear yielding in the composite), as shown in Fig.
8 for PP-T3.5. In this case the onset of debonding was assigned to the point
of inflection which was determined from the second derivative of the

differential volume vs. longitudinal strain curve.

Utilizing the approach presented above, debonding stresses were calculated for
the studied composites at different strain rates and temperatures. The effect of
strain rate on the debonding stress is presented in Fig. 9 for the small and large
glass bead composites as well as for talc composites. While the effect of strain
rate on the debonding stress is not very pronounced (keeping in mind that only two
orders of strain rate were investigated), the overall increase of the debonding
stress with strain rate are in good agreement with theoretical predictions (Eq.1).
Also evident from Fig. 9 is the effect of particle size on debonding stress,
indicating that even small differences in particle size may considerably influence
the performance of particulate filled composites. The largest debonding stresses
were determined for the talc filled composites, which may be related to some
extent to the large specific surface area of this filler. The results are summarized in
Table 3 listing values for debonding and yield stresses and their ratio for the
composites at two different temperatures and at the strain rate of 8.7x10° s™. As
expected, the debonding stress is significantly closer to the yield stress at 80 °C
than at 23 °C, irrespective of the filler type. For the talc filled composite, debonding

stress and yield stress are approximately equal.
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Table 3: Characteristic stress values of the studied composites determined at the

strain rate of 8.7x10° s,

Composite  Temperature Debonding stress Yield stress oploy
°C op, MPa oy, MPa %
G3.5S 23 22.8 27.5 83
G3.5S 80 10.0 11.0 91
G7.0S 23 235 27.3 86
G7.0S 80 9.5 11.0 86
G3.5L 23 17.5 26.5 66
G3.5L 80 9.3 10.9 85
T3.5 23 26.4 27.9 95
T3.5 80 12.3 12.3 100
T7.0 23 27.0 28.7 94
T7.0 80 12.0 13.2 91

3.4. Acoustic emission

In order to validate the results obtained from the volume strain measurements,
acoustic emission signals were detected during tensile loading. A true stress-true
strain curve is presented in Fig. 10 for PP-G3.5L together with the individual
acoustic signals detected during deformation. The majority of the events were
detected in the pre-yield regime of deformation. The cumulative number of events
was differentiated according to true strain and the maximum of the derivative
function is considered as the strain, at which the rate of particle debonding is
maximized [11, 12]. A threshold amplitude of the signals was set to distinguish
between background noise and particle-matrix interface failure. Also, small
particles generate signals with significantly smaller amplitudes than large ones,
which makes the identification of interfacial failure difficult. For the fillers
investigated in this study, only the large glass beads provided a sufficient number
of events during deformation. Despite several trials, no results of sufficient signal
accuracy could be obtained when investigating composites containing the small
glass beads and talc.

The cumulative number of acoustic events up to the yield stress is plotted as a

function of strain rate for PP-G3.5L in Fig. 11. At 23 °C the number of signals
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increased significantly with increasing strain rate from 700 up to 1700.
Simultaneously, the number of recorded events for 80 °C is significantly below the
one for 23°C, which is consistent with the results from volume strain
measurements (i.e., debonding stress approaches the yield stress and fewer
particles debond from the matrix at elevated temperatures). It should be
mentioned, that the number of hits detected also depends on the damping
behavior of the matrix. Thus, fewer signals were detected by the sensor with
increasing temperature due to the associated damping increase and modulus

decrease.

Debonding stresses determined by volume strain and acoustic emission
measurements are plotted as a function of strain rate for PP-G3.5L in Fig. 12. The
maximum in the derivative function of the cumulative number of hits was used for
the determination of debonding stress by acoustic emission. Debonding stress
values increase with increasing strain rate at both test temperatures (23 °C and
80 °C). Both methods, acoustic emission and volume strain, yield significantly
smaller debonding stress values at 80 °C than at 23 °C. At 23 °C the debonding
stresses obtained by acoustic emission are about 20 % larger than those
determined by volume strain measurements. Conversely, only insignificant
differences were found at 80 °C, where at a strain rate of 8.7x10° s the
debonding stress determined from volume strain was 9.3 MPa, while a value of
10.0 MPa was obtained by acoustic emission measurements. The larger
debonding stresses at 23 °C derived from acoustic emission results may be
related to the data evaluation procedure. As has been pointed out above, the data
reduction procedure of the acoustic emission technique leads to a debonding
stress at which the rate of debonding is maximized, while the volume strain
technique vyields the debonding stress values corresponding to the onset of
debonding. For future studies, the peak value of the second derivative of the
cumulative number of hits in acoustic emission measurements may provide a
better estimate of the initiation of the debonding process and thus a more reliable

number for the debonding stress.
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4. SUMMARY AND CONCLUSIONS

Tensile tests at two different temperatures (23 °C and 80 °C) in the strain rate
range from 8.7x10° s™ to 8.7x10°® s including volume strain measurements were
carried out on PP containing glass beads of different size distributions and talc and
on the neat PP used as matrix in the composite. The objective was to develop a
methodology for the accurate characterization of the debonding process in these
particulate filled composites and to determine the dominating micro-mechanisms
of deformation. A significant increase in volume strain was recorded for
composites containing the larger glass beads compared to those prepared with the
smaller glass beads. The processes of local deformation in the matrix included
various cavitational mechanisms (void formation, crazing and micro-cracking) and
shear yielding all being initiated prior to the yield point. The cavitational failure
mechanisms (voiding, crazing, micro-cracking and debonding) were favored by the
lower temperature (23 °C) and higher strain rates. At the elevated temperature
(80 °C) or lower strain rates the volume strain of the composites was even smaller
than that of the matrix, indicating a change in the dominating micro-mechanisms of
deformation from the various cavitation mechanisms to local shear yielding. The
volume strain of composites containing talc was also smaller than that of the neat
PP. Volume strain decreased considerably in the pre-yield regime, indicating a
complete change of the dominating micro-deformation process. The observed
decrease in volume strain was explained by the compaction process of amorphous
molecules and by the absence of debonding in this specific strain range. Based on
the experimental results, a new approach was introduced for the determination of
debonding stress values, which accounts for the dilatational behavior of the matrix
and the composite, respectively, on the one hand, and for the deviatoric and
cavitational deformation mechanisms of the matrix, on the other. The debonding
stress was found to decrease with decreasing strain rate and increasing
temperature, a result that agrees well with the prediction of theoretical models.
Acoustic emission measurements were carried out to validate these results.
Debonding stress values deduced from the latter experiments changed in the
same way as a function of strain rate and temperature as the debonding stresses

determined from volume strain measurements. However, the values determined
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by acoustic emission were somewhat larger, which was related to the data
reduction procedure. Overall, the proper analysis of volume strain measurements
in particulate filed composites provides useful information on the micro-

mechanisms of deformation at various test conditions.
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3.5S recorded at two strain rates. The yield point determined on nominal
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ABSTRACT

In order to characterize the yield behavior of polypropylene as a function of
pressure and to verify the applicability of the Drucker-Prager yield function, various
tests were conducted to cover the range of stress states from uniaxial tension and
compression to multiaxial tension and confined compression. Tests were
performed below and above the glass transition temperature, to study the
combined effect of pressure and temperature. The experimental results were
evaluated in terms of effective stress, to determine the equivalent stress vs. mean
stress correlation and the pressure sensitivity index. An excellent linear
relationship of equivalent stress vs. mean stress was found for all temperatures
studied. To determine the pressure sensitivity as an intrinsic material parameter,
normalized yield stresses were calculated with respect to the uniaxial tensile test.
As expected, increasing pressure sensitivity values were found with increasing
temperature, which was explained in terms of the free volume theory. The 3D
Drucker-Prager yield function was fitted to the yield stresses and an average error
between the predictions and the measurements of 8 % was obtained.

" Paper will be submitted to Mechanics of Time Dependent Materials.
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1. INTRODUCTION

In many engineering applications polymeric materials are exposed to complex
multiaxial loading situations where in addition to tensile loads, compressive
stresses may be dominant. Typical examples of multiaxial compressive loadings in
practical applications of polymers include structural components exposed to direct
compressive or bending loads like rollers, gears, bearings, damping materials and
other similar applications. On a local scale, complex compressive stresses also
play a major role in joint technologies (e.g., screw joints, clamping, fastening), in
cutting processes and in tribological applications (i.e., friction, wear and scratch
processes) also including fretting fatigue loads (Berer 2007; Stahlberg et al. 2006;
Dubourg et al. 2003; Baek and Khonsari 2006; Myshkin et al. 2005). Another
example for the development of multiaxial local stresses is in the area of polymer
matrix composites, in which a multiaxial stress field develops on a local scale
around the reinforcing phase, even though the external load applied to the material

may be a uniaxial tensile load (Kakavas and Kontoni 2006).

Considering that the behavior of polymeric materials under tension and
compression may differ particularly in the yield and post-yield regime (Sauer and
Pae 1974; Sauer 1977; Dean and Crocker 2007; Rabinowitz et al. 1970), the need
to characterize the whole range of stress states of plastics becomes evident.
Moreover, the above examples indicate the importance of adequate test set-ups in
a comprehensive manner and underline the need for appropriate test
methodologies. Last but not least, adequate material data and material laws for
multiaxial loadings are especially needed in advanced component design
procedures and for structural reliability assessments based on modern simulation

tools.

For the description of the 2D (plane stress) yield behavior of polymeric materials,
von Mises or Tresca yield criteria modified to account for the pressure

dependence have been widely used in recent investigations (Quinson et al. 1997;
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Fasce et al. 2008; Ghorbel 2008). While these models are not capable to predict
the onset of yielding in the 3D stress space under fully multiaxial loading
conditions, reasonable results were obtained for plane stress states for amorphous
and semicrystalline polymers unfilled and rubber-modified. To cover the whole
range of real stress loadings, true multiaxial yield criteria must be applied to
pressure dependent materials, in which the yield surface is shifted to larger values
in the compression regime than those in the tensile domain (Bardenheier 1982,
Pae 1977; Gol'dman et al. 1983). Moreover, it turned out that smooth yield
functions (Drucker-Prager vyield surface) inhibiting abrupt changes in the yield
surface (e.g., Mohr-Coulomb yield function) are able to provide reasonably good
results for viscoelastic materials (Kolupaev and Bolchoun 2008). As it has been
applied successfully in recent studies, the Drucker-Prager yield criterion was used
and applied to characterize the response of polypropylene (PP) in this

investigation (Bardia and Narasimham 2006; Rittel and Dorogoy 2008).

In order to acquire sufficient experimental data for the evaluation of the yield
surface, various test methods covering the whole stress range from biaxial and
uniaxial tensile tests in the low pressure regime to fully confined compression tests
in the high pressure regime were used. The latter provides true data values in the
stress space and represents the deformation process of the bulk material. It
completes the results of the uniaxial and plane strain compression tests and make
the characterization of the pressure dependence of the deformation and yield
behavior of polymers possible in the three principal axes. Thus, adequate material
data for a pressure dependent yield criterion was determined and the methodology
was applied to PP.

2. MATERIALS AND EXPERIMENTAL

The material investigated in this study was a development grade polypropylene
(PP) homopolymer, manufactured and delivered by Borealis Polyolefine GmbH
(Linz, A) either as injection molded plates, out of which all specimens were
machined for the torsion test, biaxial tensile test and the various compression test
set-ups, or as injection molded tensile specimens according to 1ISO 3167, type B.

The identical material was characterized extensively under monotonic tensile
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loading and in compressive relaxation tests (Jerabek et al. 2009). Further details
as to the specimen geometries are described below. All tests were carried out at a
strain rate of 8.7x10” s™ and at ambient temperature. Tests at 80 °C and -30 °C
were performed for the various compression test set-ups and for the uniaxial
tensile test. For all test set-ups only a brief introduction is given, as the reader is

referred to the given literature for an in-depth explanation.

The biaxial bulge test was carried out, to investigate the behavior of the material in
biaxial tension (Feichter et al. 2007). A round thin sheet of the material with a
diameter of 140 mm and a thickness of 1 mm is clamped between two fixing grips
and pressurized on one side by air, measuring simultaneously the exact pressure
and the effective strain in the middle of the specimen system, where a biaxial
stress state is guaranteed by the specimen geometry (Fig.1). Effective strain
values were determined using a digital image correlation (DIC) system and
nominal stress o, is given by

Ap -1y - A

o, =Pl t 1
7t (1)

where 4p is the applied pressure, rg is the bubble radius, 4 is the extension ratio
(A=etl), and ty is the initial thickness of the specimen. The true strain & is defined

as
g =In(eg, +1) (2)
where &, is the nominal strain. The true stress is given by
o, =0,1+¢,) (3)

where incompressibility of plastic deformation has been assumed. The uniaxial
tensile tests were performed on an electro-mechanical universal testing machine
of the type Instron 5500 (Instron LTD; High Wycombe, UK). The initial specimen
length between the wedge grips was 115 mm. The axial strain was measured by a
mechanical clip-on extensometer of the type Instron 2630-112 with an initial gage

length of 50 mm. A temperature chamber was mounted on the frame of the testing
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machine to carry out tests at -30 °C and at 80 °C. True stresses and strains were

calculated according to Egs. 2 and 3, respectively.

In order to characterize the torsion behavior of PP, an axial/torsional servo-
hydraulic test system of the type MTS 359 (MTS Systems GmbH; Berlin, D) was
utilized for these experiments, using the unnotched round bar specimen. The
angle of twist, which is proportional to the shear strain, and the torque were
measured to determine the shear strain vs. shear stress relationship and in terms

of true strain and stress values, again Egs. 2 and 3 were utilized.

In order to characterize the compression behavior of polymeric materials uniaxial
and confined compression experiments were carried out using a recently
developed compression device with aligning bars at each corner (Fig. 1) (Jerabek
et al. 2009). Due to the four ball linings and highly accurate aligning bars, a
precise and reproducible movement of the upper and lower compression plate is
guaranteed and any transverse forces and moments are avoided. As to the
accurate determination of axial strain, an LVDT mounted between the two
compression plates was used. Again, all tests were carried out on the electro-
mechanical driven universal testing machine of the type Instron 5500 (Instron LTD;
High Wycombe, UK) also using the temperature chamber for non-ambient test

temperatures.

As described in detall in (Jerabek et al. 2009), highly polished plates and a PTFE
lubricant were used to minimize the effect of friction between the specimen surface
and the compression plates. A uniform specimen deformation in the pre-yield
regime up to the yield point was obtained, which was of prime interest in this
investigation. For the determination of the true stress-true strain curve, a constant
volume during deformation was assumed (v=0.5) applying Egs. 2 and 3, as
significant differences in the true stress values calculated taking the experimentally
measured and the assumption based Poisson’s ratio are only noticeable in the

post-yield but not in the pre-yield regime.

The multiaxial confined compression test method used for this study corresponds
to a method described in detail by Ma and Ravi-Chandar (2000) and Qvale and
Ravi-Chandar (2004). The test set-up applied is shown in Fig. 2 along with a

schematic illustration in Fig. 3. In this configuration the specimen is surrounded by
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a confining cylinder, which restrains the free lateral expansion during axial loading
without prohibiting it totally. Assuming a homogeneous deformation of the
cylindrical specimen and a perfect fit between the specimen and the cylinder, the
stress and strain field within the specimen and cylinder can be calculated via the
Lamé solution, as shown in the next section. The measured values include the
longitudinal force, local displacement provided by an LVDT, and the hoop strain of
the confining cylinder determined via strain gauges mounted on the outer cylinder
surface. By varying the thickness of the cylinder or by using a cylinder material of
different modulus, the stress state applied on the specimen can be changed and
adapted. Of special importance, this configuration allows for an inelastic as well as
a viscoelastic characterization of polymers without a priori knowing the constitutive
equation (Ravi-Chandar and Ma 2000; Qvale and Ravi-Chandar 2004).
Furthermore, while in uniaxial compression testing an inhomogeneous specimen
deformation may occur at high strains, in confined compression the strain

localization is significantly reduced or eliminated.

In uniaxial and confined compression test set-ups, cylindrical specimens of 20 mm
in length, |, and of 10 mm in diameter, 2a, were used. It should be pointed out that
specimens used for torsion, uniaxial and confined compression tests were
machined from the 13 mm thick injection molded plates along the flow direction to
avoid effects of different molecular orientations in the specimens. Confining
cylinders of various diameters, 2b, were produced out of rods made of a
commercial polypropylene with outer diameters of 12 mm, 15 mm, 20 mm, 30 mm
and 42 mm. For the analysis of the stress and strain field in the specimen, the
mechanical behavior of the confining cylinder was determined via uniaxial tensile
tests. The specimens were machined from the rods and tests were performed at
the three different temperatures (23 °C, 80 °C -30 °C).

It should be noted that due to the limited accuracy in manufacturing the specimen
and cylinder, a gap may exist at the start of the test and thus, the hoop strain at
the outer surface of the cylinder may not develop from the onset of deformation

when the axial load is applied on the specimen.
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Definition of the Yield Point

Different approaches are described in the literature (Vincent 1960; Raghava et al.
1973; Mohanraj et al. 2006; Marano and Rink 2006) for the identification of the
yield point, particularly in a monotonically increasing stress-strain curve. While
several methods have no physical background (e.g., offset method, bilinear fit of
the stress-strain curve), strain recovery experiments may predict the onset of
yielding accurately based on irreversible deformation of the specimen (Marano
and Rink 2001). As the number of test specimens increases significantly for the
latter approach, a simple method was applied in this study. In uniaxial tension test,
the first peak value in the stress-strain relationship was taken as the nominal yield
point. In uniaxial compression the true stress-true strain curve was utilized to
identify the strain at yield. Only slightly larger yield (true) strain was identified in
compression than in tension tests. Due to the limited dependence of the yield
strain on pressure, the yield strain values obtained in uniaxial compression were
taken to be the yield strain to the confined compression experiments. The stress-
state corresponding to the identified yield strain was calculated from the

measurements in the confined compression scheme.

3. ANALYSIS OF THE COMPRESSION TESTS

Only a brief introduction into the analysis will be given in this paper, for a detailed
description see Ma and Ravi-Chandar (2000) and Ravi-Chandar and Ma (2000).
For the development of the strain and stress field a cylindrical coordinate system is
utilized and the deformation of the specimen during the test is assumed to be
uniform and homogeneous. The inner diameter of the specimen is 2a and the
outer diameter of the cylinder is 2b, as depicted in Fig. 3. The axial strain and

stress applied on the specimen are
g, =&,(r,0,2), (4)
and

c,=0,(r01). (5)
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Different test methods can be compared only in terms of true strains and true

stresses according to

g =Inl+¢,) (6)
and

o, =0,1+¢,) (7)

where again & is the true longitudinal strain and o the true longitudinal stress.

The confining cylinder provides a radial restraint on the deformation of the
specimen. The pressures generated on the inner surface on the cylinder and on
the outer surface of the specimen are equal and thus the stresses and
displacements at the interface are given by

Oy (a) = Gfr (a) =—0 (8)
and
u, (a)=u’(a) >0, ©)

where the superscript c refers to the confining cylinder. Applying the Lamé solution
(Timoshenko and Goodier 1934) of the stress field of an axisymmetric problem,
the stresses, strains and displacements can be found to be functions of the
unknown stress o and can be related to the hoop strain measured at the outer
surface of the cylinder. Furthermore, the hoop strain can be used to calculate the
displacement at the inner surface of the cylinder. Due to the axial symmetry of the
configuration the strains and stresses in the radial and circumferential direction are
equal. Finally, by means of the boundary conditions the stress and strain fields can
be calculated and are given by

b -a’
Oy =0p = _7 Ecgh (10)
0, =0, (11)
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E = Epy :%((l—vc)+(l+vc)§J (12)

2z = gn (13)

where E; and v are the elastic modulus and Poisson’s ratio of the cylinder and &,
the measured hoop strain. From the equations 10-13 it is obvious that a complete
description of the stress and strain field is given by only measuring three quantities
(on, &, &). The magnitude of the radial and circumferential stresses depends on
the confinement level of the confining cylinder. The solution of the axisymmetric
problem shown above (Eg. 10) corresponds to a fully elastic cylinder during the
whole range of deformation. As indicated in the previous section, in some of the
experiments reported here, polypropylene cylinders of different wall thickness
were used as the confining cylinder. In order to account for the nonlinearity of the
polypropylene cylinder, the results of the tensile tests were used for a numerical
simulation performed with the commercial finite element code ABAQUS/Standard
to obtain the hoop strain-pressure relationship. These data were then applied to
calculate the radial and circumferential stresses using the hoop strain values
measured at the outer surface of the cylinder. The simulations were performed for

all testing temperatures and for all diameters of the cylinder.

Since the stresses and strains are obtained in the principal direction in the
confined compression test, the characterization of the materials with respect to the
deviatoric and dilatational behavior can be done in a straightforward manner. The

dilatational and deviatoric parts of the stress and strain fields are

2
o = On 20y (14)
3
g, =&, +2¢, (15)
Sj =0y — 00y (16)

e =& — 23, (17)
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in which o, and s; are the mean and deviatoric stress components, ¢ the
Kronecker delta and & and ej the volumetric and deviatoric strain components,
respectively. Thus, the bulk and shear behavior of polymers can be characterized
simultaneously under arbitrary pressure levels with the confined compression
experiment. Due to the initial gap between specimen and cylinder and thus, the
limited accuracy of the volume strain measurement, the dilatational behavior of the
material was not considered in this research study.

For an accurate determination of the deviatoric behavior, the equivalent stress and
equivalent strain definitions of Kachanov (Kachanov 1974) were applied, which

enable the relation of the deviatoric strain to the deviatoric stress and are given by

ty = (0 00 ) (O — ) + (O — ) +6(% + 75 +73) (18)
J6
_ 3 _ 2 _ 2 _ 2 E 2 2 2
79 - 3 (gzz Srr) + (grr ‘999) + (‘999 gzz) + 2 (7/zr +7r9 +7/91) (19)

where 7 and j are the equivalent stress and strain, respectively. For example, in

the confined compression configuration this reduces to

Te = %|Gzz o Grr| (20)
Ve = i|‘C“zz _grr| (21)
V3

Relating the effective stress to the mean pressure acting on the specimen at the
yield point, may provide a linear correlation with the slope being the pressure

sensitivity index « according to
7, =1, +ao, (22)

where 1 is the effective stress at zero pressure (torsion test).
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4. RESULTS AND DISCUSSION

In the first part the behavior of the material in uniaxial tension, and uniaxial and
confined compression is discussed in terms of stress-strain relationships. The
pressure sensitivity index and the applicability of a 3D yield criterion for the
prediction of the material response under arbitrary stress levels are presented in

part two.

4.1. Uniaxial and Multiaxial Response of PP

The stress-strain curves of uniaxial tensile, uniaxial compressive and multiaxial
compressive tests conducted at ambient temperature are depicted in Fig. 5. The
tensile test is plotted up to the nominal yield point, thus the end of the curve does
not represent ultimate failure of the specimen. Confined compression experiments
were conducted to a value of longitudinal strain of 15 %, as up to this level the
material does not get squeezed out between the loading pin and the confining
cylinder. Beyond the initial seating effects seen in the two compression set-ups,
the stress-strain curves surpass that of tension and considerably larger stress
levels were observed depending on the level of confinement. This emphasizes the
importance of characterizing polymeric materials under adequate testing
conditions by applying proper constraint conditions and illustrates the wide range
of compression behavior for PP. As to the determination of the yield stress, the
simple approach described above was applied. In the post-yield regime, strain
softening was observed in uniaxial compression. While no strain softening was
determined for any of the b/a ratios, the tendency for strain hardening increases

with higher constraint level.

True stress vs. true strain curves are depicted in Fig. 5 for three different test
temperatures, comparing uniaxial tensile and compressive tests using an outer
diameter of the confining cylinder of 20 mm. As expected, due to the viscoelastic
nature of PP a significant increase in the stress values were obtained with
decreasing temperature.

For the confined compression test, the constraint level was related to the radial

stress applied to the specimen and is depicted as a function of true longitudinal
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strain in Fig. 6. While no differences in the evolution of the radial stresses using
different outer diameters of the cylinders were detected within the first 2 % of
strain, nonlinear stress-strain curves developed after the specimen came into
contact with the confining cylinder. The nonlinear stress-strain behavior is
associated to the nonlinear stress-strain response of the PP specimen and
confining cylinder, respectively. As expected, increasing radial stresses acted on
the specimen with increasing confinement levels. These results indicate the
significant pressure sensitivity of the PP investigated.

In order to determine and quantify the pressure sensitivity quantitatively, the
deviatoric stress, given via Eqg. 18, was calculated and plotted as a function of the
equivalent strain in Fig. 7. Beyond the initial seating effects, higher confinement
levels result in larger equivalent stresses, and strain softening is not observed.
Appropriate dimensioning of the confining cylinder enables the variation of the
stress state over a wide range of confinement levels from an almost uniaxial to a
highly multiaxial stress state in the specimen. Relating these data to the
predominant mean pressure in the specimen, enables the determination of the
pressure sensitivity index necessary for pressure dependent yield criteria, as

discussed in the next section.

4.2. Pressure Sensitivity and the Application to a 3D Yield Criterion

In principle, all mechanical properties i.e., modulus, yield stress, Poisson’s ratio of
polymeric materials depend on hydrostatic pressure (Tschoegl et al. 2002). In this
investigation the yield stress as a function of pressure is considered and the
applicability of the pressure dependent Drucker-Prager yield criterion (Drucker and
Prager 1952) is analyzed. The equivalent stress as a function of mean stress is
depicted in Fig. 8, calculated at the yield points. The pressure range covers a wide
set of experiments from biaxial tension to fully confined compression. A linear
relation between the equivalent stress and pressure was obtained for PP. This is
similar to what is assumed in many publications to be the intrinsic material
behavior (Quinson et al. 1997; Fasce et al. 2008), but bilinear and even nonlinear
correlations have also been reported, depending on the stiffness, the molecular
weight, and the crystallinity of the polymer (Sauer 1974; Sauer 1977). Moreover,

the linear fit to the experimental data also shown in Fig. 8 provides the pressure
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sensitivity index, an essential value used as input parameter for pressure
dependent yield criteria (Bardia and Narasimhan 2006). The equivalent stress vs.
pressure relation represents a part of the yield surface, i.e., while the applied load
is below the obtained correlation, yielding of the material is inhibited. This yield
surface is a characteristic for any material at a given deformation rate, temperature
and physical aging state. It is worth noting, that the part of the yield surface
plotted, is valid for monotonic loading conditions and may not predict the long-term
failure of the material, which must be investigated on the one hand by long-term
creep or relaxation tests and on the other by low and high cycle fatigue tests in the

linear and nonlinear viscoelastic regime, respectively.

The maximum applied pressure in the confined compression test was about
60 MPa, which may not shift the glass transition temperature (T4, about 0 °C for
the PP studied) of PP above the ambient test temperature. As it turned out in
previous investigations (Silano et al. 1977; Pae et al. 1986), T, is shifted per 20 °C
for 100 MPa of pressure, which may then considerably change the equivalent
stress vs. pressure relationship. The significant effect of pressure may be related

to the decrease of free volume and thus, to the reduced molecular mobility.

As the free volume is frozen below T4 and increases linearly with temperature
above Ty (Ward 1971), a significantly enhanced pressure dependence may be
expected at 80 °C, for which results of equivalent stress vs. pressure are depicted
in Fig. 9. On the other hand, the pressure sensitivity should decrease for test
temperatures below T4, which is the case for a test temperature of -30 °C, for
which equivalent stress is plotted as function of pressure in Fig. 10. For each of
the two non-ambient test temperatures, an excellent linear correlation was
obtained, also indicating that in the investigated pressure range only one
molecular relaxation process is dominant. Equivalent stresses of more than
100 MPa were determined at -30 °C, which demonstrates the enhanced
capabilities of polymeric materials under multiaxial compressive loading

conditions.

In order to determine the effect of pressure as a function of temperature, the
normalized equivalent stress was calculated based on the tensile equivalent

stress. This procedure enables to calculate the pressure sensitivity free of
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absolute values and allows for a determination of the intrinsic material behavior.
The normalized equivalent stress is plotted as a function of mean stress in Fig. 11
for the two non-ambient test temperatures. As expected and explained above by
the free volume and the molecular mobility, a significantly steeper slope of the
linear fit was obtained for the elevated test temperature, while a reduced pressure
dependence was noticed for -30 °C. The “normalized” pressure sensitivity index as
a function of temperature is depicted in Fig. 12. An overall increase of the pressure
dependence was obtained by a factor of 4 in the investigated temperature range.
An appropriate function may be used to describe the pressure sensitivity vs.
temperature relationship, but for an unambiguous determination obviously more

test temperatures are necessary.

As to the prediction of the yield behavior of polymeric materials for arbitrary stress
states, the pressure dependent 3D vyield criterion of Drucker-Prager was utilized

This criterion can be given in the form

o*e+0'mtana—(l+tagaj0'020 (23)

where o, :\/§re is the von Mises effective stress, and o, is the yield stress under
uniaxial compression. In uniaxial compression, we see that o,=0, o,=0/3

satisfies the yield condition. If the pressure sensitivity index is zero, we recover the

von Mises yield condition. For confined compression, o,=(o,-0,), and

o, =(o, +20, )/3; therefore, the Drucker-Prager criterion can be written as:

_ 3-tana 3+tana

= +— 24
3+2tanozaZZ 3+2tanocaC (24)

O-rr

The Drucker Prager yield function was fitted to the experimental test results and a
best fit value of the pressure sensitivity index of about 31.5° was obtained, which
is remarkably higher than those obtained for amorphous materials and for PP
described in the literature (Quinson et al. 1997; Bardia and Narasimhan 2006).
Note, that the pressure sensitivity indexes determined via Eq. 22 and 23 are two

independent values and can not be compared to each other.
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The resulting yield surface and the experimentally measured yield stresses in the
various test set-ups are depicted in Fig. 13. The yield surface described by the
Drucker-Prager criterion has a conical shape in the direction of but not axially
symmetric to the hydrostatic axis. The criterion provides significantly lager yield
stresses in the compressive than in the tensile regime. In fact, plastic deformation
of the material is predicted under triaxial tensile loading conditions at a stress
value of 72 MPa, while yielding under fully multiaxial compressive loading is
prohibited. Intersection of the yield criterion with the plane-stress plane is also
plotted, indicating the excellent agreement with the measured values. As the
Drucker-Prager vyield criterion has a conical shape, intersection with the plane-
stress plane provides an ellipsoidal 2D yield surface, which is comparable to the
modified von Mises yield criterion. The multiaxial confined compression test results
are also shown in the 3D stress space in Fig. 13 along with the best-fit lines from

the conical yield surface through the obtained multiaxial test results.

In order to quantify the prediction capabilities of the yield criterion, Table 1
provides and overview of the measured equivalent stresses and the calculated
ones obtained from the best-fit yield surface. Except for the biaxial tensile test, all
predictions for the various test set-ups are within a few percent with an average

error of about 8 %.

Table 1: Summary of the equivalent stresses experimentally determined and

predicted by the best fit Drucker-Prager yield function.

Test method c. measured, MPa ce calculated, MPa Relative Error, %
Biaxial Tensile 26.0 33.4 26.8
Tensile 34.3 37.0 7.9
Torsion 39.6 44.0 11.3
Uniaxial Compression 55.4 55.4 0.0
Confined Compression 58.4 50.3 17
(12 mm)

Confined Compression 62.4 64.4 26
(15 mm)

Confined Compression 672 70.3 43
(20 mm)

Confined Compression 69.6 758 8.7
(30 mm)

Confined Compression

(42 mm) 86.1 80.8 -6.3
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As to the determination of the yield surface as a function of temperature and strain
rate, suitable fitting functions may be applied to the pressure sensitivity vs.
temperature (see Fig.11) and strain rate correlations to describe their behavior.
The two effective parameters do not simply shift the yield surface to larger or
smaller values, respectively, but may also change the slope of the yield surface
significantly. Including the two fitting functions into the yield criterion, may allow for

a complete description of the multiaxial yielding behavior of a viscoelastic material.

5. CONCLUSIONS

The objective of this paper is to characterize PP in different test configurations to
cover a wide range of stress states and to apply a 3D yield criterion to predict
yielding of the material in the 3D stress space. As to the determination of the yield
point in various stress conditions, uniaxial and biaxial tensile tests, torsion tests,
and uniaxial to confined compression tests were conducted. In order to
characterize the effect of temperature, tests were performed at -30 °C, 23 °C and
80 °C.

As expected, vast differences in the true stress-strain behavior were determined
depending on the degree of confinement, thus showing larger stress values in the
compressive regime than in the tensile regime. In principle, the same trend was
observed at all temperatures studied. Evaluation the equivalent stress at the yield
point resulted in a linear correlation between the equivalent stress and the mean
stress for all test temperatures. While the lowest equivalent stresses were
obtained in the tensile regime (i.e., uniaxial and biaxial tensile tests) with a positive
mean tensile stress upon the specimen, the highest equivalent stresses were
found for the confined compression test with the largest mean compressive
stresses investigated in this study. In order to calculate the pressure sensitivity
index, normalized equivalent stresses were plotted against mean pressure and
linear fittings were applied. As expected, the pressure dependency is seen to
increase with temperature, which was attributed to the free volume in the
amorphous phase and the macromolecular mobility.



PAPER 5 153

In order to predict the onset of yielding in the 3D stress space, the Drucker-Prager
yield criterion was utilized and fitted to the experimental values. A triaxial tensile
yield stress of 72 MPa was predicted and a pressure sensitivity angle of 31.5° was
obtained. The average error between the experimentally determined yield stresses
and the 3D vyield criterion is about 8 %, which clearly shows the applicability of the
selected criterion for this class of materials. Moreover, the importance of adequate
test methods and the determination of multiaxial data for accurate modeling of this

class of materials are evident.
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Fig. 1. Biaxial tensile test device also showing the specimen fixed between the two

clamping devices

Confining
cylinder

Fig. 2. Compression device utilized for the uniaxial and confined compression
experiment. The four aligning bars at each corner and the set-up of the

confined compression experiment can be seen.
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Confining
cylinder

Specimen ) )
Steel loading pins

Fig. 3. Schematic diagram of the confined compression set-up
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0.00 0.05 0.10 0.15 0.20

|8t|’ -
Fig. 4. True stress-true strain curves in uniaxial tension, uniaxial compression and

confined compression measured at 23 °C. Each curve corresponds to the
indicated diameter of the confining PP cylinder.



PAPER 5 159

|cst|, MPa

Fig. 5.

Radial Stress, MPa

Fig. 6.
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- - - - Uniaxial Compression .

[ Confined Compression |..---=""""
200 (2b=20 mm)
1504
100+ s
L7 -30°C
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Comparison of true stress-true strain curves of uniaxial tension, uniaxial

compression and confined compression for all temperatures studied.
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-204
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-104
12 mm
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0.00 -0.05 -0.10 -0.15 -0.20

True Longitudinal Strain, -

Development of radial stress as a function of true longitudinal strain for the
confined compression set-up. Each curve corresponds to the indicated
diameter of the confining PP cylinder. Note that radial stress develops only
after a small axial strain has been imposed; this is due to the initial

clearance between the specimen and the confining cylinder.
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Fig. 7. Equivalent stress plotted against equivalent strain for the confined

compression set-up. Each curve corresponds to the indicated diameter of

the confining PP cylinder.
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Fig. 8. Equivalent stress as a function a function of mean stress for 23 °C.
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Fig. 11. Normalized equivalent stress plotted vs. mean stress for non-ambient
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Fig. 12. Pressure sensitivity index as a function of temperature
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Fig. 13. Best fit Drucker-Prager yield function also indicating the hydrostatic axis
and intersection with the plane-stress plane; experimental values are also

depicted: (I1) confined compression, (0) plane stress values.
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ABSTRACT

The recently developed confined compression test was used to measure the
viscoelastic bulk and shear relaxation moduli of neat, glass bead and talc filled
polypropylene. In this paper further modifications of the test are introduced and a
criterion for the assessment of the quality of experimental data is suggested. As
expected, shear as well as the bulk relaxation moduli were found to increase with
the addition of particles. In order to determine the pressure sensitivity of the
material, unconfined compression tests were also performed and compared with
the confined tests through interconversion of the measured moduli. In agreement
with earlier results on other polymers, it turned out that the relaxation response is
significantly retarded at higher confinement levels. It is shown that the effect of
filler particles on the long-term behavior depends on the specific uniaxial or
multiaxial stress state. Poisson’s ratio was calculated by interconversion from the
bulk and shear relaxation modulus; these results show that with a single test in the
confined configuration, a complete viscoelastic characterization of the material can

be obtained.

" Paper is submitted to Mechanics of Time Dependent Materials.
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1. INTRODUCTION

Determination of viscoelastic material functions dependent on time, temperature
and pressure is of great importance for adequate modeling of polymeric materials.
Commonly relaxation or creep experiments under uniaxial tensile loading
conditions are performed and the corresponding creep compliance or the
relaxation modulus is calculated. Performing experiments at different temperatures
and making use of the time-temperature superposition principle gives rise to the
master curve (Leaderman 1943), viscoelastic material models are developed
assuming either a constant bulk modulus or a constant Poisson’s ratio over the
investigated temperature range to determine; interconversion yields all four
viscoelastic material functions [E(t), G(t), v(t), K(t)]. As was shown by Lu (1997)
and further by Tschoegl (2002) the determination of the bulk modulus is highly
sensitive to the accuracy in measuring Poisson’s ratio. Furthermore, according to
the proposed methodology by Tschoegl (2002), two viscoelastic material functions
should be measured in one test on the same specimen, i.e., determining relaxation
modulus and Poisson’s ratio in uniaxial relaxation experiments. Since from those
measurements neither the shear nor the bulk modulus can be calculated with a
high accuracy, experiments providing these values directly without the need for
interconversion are necessary. Due to the complexity in the experimental
configuration measuring particularly the bulk modulus, only few very special
experiments of the two basic moduli — bulk and shear — can be found in literature
(Deng and Knauss 1997; Kralj et al. 2001). Therefore Qvale and Ravi-Chandar
(2004) adopted the recently developed confined compression setup (Ravi-
Chandar and Ma 2000) for the viscoelastic characterization of polymers. In this
experiment, the specimen is loaded under a multiaxial stress state and the bulk

and shear moduli are calculated without interconversion.

In general the response of polymers on mechanical loading is strongly dependent
on the hydrostatic pressure applied on the specimen (Rabinowitz et al. 1970). For

this reason the yield stress measured in tension is lower than in compression
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(Pae 1977). Therefore appropriate material modeling has to take into account the
pressure sensitivity of the material, in addition to the usual effects of time and
temperature (Knauss and Emri 1987). The confined compression configuration not
only enables the direct measurement of the two basic viscoelastic material
functions but also allows for the determination of the influence of pressure on the
relaxation response. Interconversion of the shear and bulk moduli to the uniaxial
modulus and comparison with uniaxial compression relaxation tests gives rise to
the determination of the temperature dependent pressure sensitivity of the

material.

Particulate filled polypropylene composites have been widely used in technical
applications. There are a number of investigations of the micromechanics of such
composites (Nemat-Nasser and Hori 1993; Vollenberg 1987; Renner et al. 2005)
in order to determine the tensile properties (Pukanszky 1995; Fu et al. 2008) in
comparison to the unfilled polymer. Few investigations have been carried out in
the compression regime for unfilled polypropylene (PP) (Jerabek et al. 2009) and
to our knowledge there is no study investigating the influence of particles on the
compressive relaxation behavior. Thus, in this paper the properties of neat, glass
bead filled (GB) and talc filled PP are investigated.

Hence, the main objectives of this work can be summarized as follows:

e Further development and application of the confined compression

configuration for semicrystalline polymers.

e Calculation of all four viscoelastic material functions by interconversion of

the shear and bulk moduli.

e Determination of the influence of pressure on the relaxation behavior of the

investigated materials.

e Influence of particles on the relaxation behavior in the unconfined and

confined compression tests.
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2. MATERIALS

The matrix material was a development grade PP homopolymer from Borealis
Polyolefine GmbH Linz (Linz, Austria), and as fillers Spheriglass 5000 from Potters
Europe (Barnsley, UK) and Luzenac A7 talc provided by Luzenac Europe
(Toulouse, France) were used. The specific compositions are listed in Table 1.
The PP composites were provided from Borealis Polyolefine GmbH Linz as
injection molded plates, from which the specimens were machined along the flow
direction. The details of the processing of the composite as well as the results of
the micromechanical simulations can be found in (Herbst 2008).

As can be seen from Table 1, two different volume fractions were tested for the
glass bead filled composite in order to determine the influence of particle content
on the moduli and particularly on the relaxation behavior. In order to characterize
the influence of the particle shape and orientation on the properties of the
materials, talc — which has a platelet like shape — is used as the filler in one of the

materials investigated.

Table 1: Composite compositions investigated in this work.

Material Filler Volume fraction of filler
PP - -

PP-G3.5 Glass beads 0.035
PP-G7.0 Glass beads 0.070
PP-T7.0 Talc 0.070

One of the key characteristics of fillers that determines the debonding stress in the
composite is the size and size distribution of the particles; large particles have a
low value of the debonding stress (Pukanszky 1993). Therefore, the size
distribution of the filler was determined and is shown in Fig. 1. Due to the platelet
structure of talc its aspect ratio was also obtained by measuring the length and
thickness of the platelets and the mean aspect ratio was determined to be about 8.
The talc particles are mainly orientated along the axial direction of the specimen,
which may reinforce the PP matrix. The specific particle surface area is

significantly larger for talc than for the glass beads. Hence, the amount of PP
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bonded to the particles and thus the interphase formed in the composite is larger
for the talc filled composite and may have a significant effect on the mechanical
properties. The mean particle size, the aspect ratio and the specific particle

surface area are listed in Table 2.

Table 2: Characteristics of the investigated fillers.

Mean particle size  Mean aspect ratio  Specific particle surface area

GB 1.31 pm 1 1 m2ig ¥

Talc 1.73 pm 8 9 m2/g ?

Y Cilas Laser Particle Size Analyzer

% Determined by BET measurement

3. EXPERIMENTAL SETUP

In order to characterize the compression behavior of polymeric materials a
compression tool (see Fig. 2) was developed (Jerabek et al. 2009) and applied in
this work. This tool consists of four aligning bars to ensure a correct uniaxial force
transmission upon the specimen. Furthermore, local strain control was provided
via a linear variable differential transducer (LVDT) for the uniaxial and the confined
compression setup. This guarantees constant measurement constraints during the
whole testing program. The displacement indicated in this paper refers to this local

measurement via the LVDT (unless indicated otherwise).

In the confined compression setup a cylindrical specimen is placed inside a
confining cylinder as shown in Fig. 3 and loaded in uniaxial compression in the
special fixture discussed above. Assuming a perfect fit of the specimen and
cylinder, the transverse strain of the specimen is restrained, dependent on the
material and thickness of the confining cylinder. Proper dimensioning of the
confining cylinder provides sufficient confinement level without inhibiting
transverse strain entirely and without plastic deformation of the cylinder. The hoop
strain of the cylinder is measured via a strain gauge mounted on the outer surface.

As will be shown in the next section this method the enables the determination of
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the stress and strain of the specimen and cylinder simply by measuring the axial

strain applied on the specimen, the force and the hoop strain on the cylinder.

In order to get reliable results there are some prerequisites for using this method.
First, careful preparation of the specimen is absolutely necessary for compression
testing and particularly when performing confined compression tests (Qvale and
Ravi-Chandar 2004). For this purpose and to keep the testing constraints
constant, specimens having equal dimensions are used in both methods with a
diameter 2a of 10 mm and a length | of 20 mm. Attention was given to careful
machining of the end surfaces of the specimen parallel to each other and
perpendicular to the specimen axis. All dimensions are within ~0.005 mm. The
confining cylinder was made of stainless steel, whose dimensions and material
properties are given in Table 3. Accurate machining of the inner surface is
necessary to get a perfect fit of the specimen and cylinder. Second, the contact
surfaces have to be as smooth as possible to reduce the effect of friction during
loading of the specimen. It was determined that friction may influence monotonic
tests (Qvale 2003) but does not have a significant influence on long term
relaxation loading, since frictional forces disappear few seconds after the loading.
Third, tests below 0 °C may be influenced by ice formation, unless the humidity is
controlled carefully. For this purpose a PTFE spray was used to reduce the
generation of ice. Moreover, preloading of the specimen was performed to
dissolve the ice between the steel loading pins and compression plates. Finally, at
this highly confined stress state accurate temperature control is of crucial
importance since even small variations may influence the test result. Proper test
results could be obtained by ensuring the variation of the temperature to be within
+0.5 °C.

In order to avoid any clearance between the specimen and cylinder a testing
procedure based on different coefficients of thermal expansion between the
specimen and the confining cylinder was applied. Due to the fact that polymers
have a significantly higher thermal expansion coefficient than stainless steel, for
the tests performed at temperatures above the room temperature a smaller
specimen than the inner diameter of the steel cylinder was used. After the

specimen was put into the cylinder the temperature was increased to a level below
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the expected test temperature according to the initial specimen diameter and after
reaching steady state an axial load was applied on the specimen. If the hoop strain
develops immediately with the applied load then the specimen is in contact with
the cylinder. Otherwise the axial loading was reversed, the temperature was
increased by a few degrees and the procedure was repeated, until contact was
established. This matches the specimen and confining cylinder to a particular test
temperature and a relaxation test was performed at this condition. For tests
performed below room temperature specimens having a larger diameter than the
cylinder were used. Hence, in order to put the specimen into the cylinder the
temperature was decreased below the testing temperature. Then the same
procedure as described above was utilized to obtain contact between the
specimen and the confining cylinder. This approach guarantees a perfect fit

between the cylinder and the specimen at all test temperatures.

Table 3: Dimensions and material properties of the steel cylinder.

Inner Diameter 10.00 mm
Outer Diameter 11.75 mm
Modulus of Elasticity 210 GPa
Poisson’s ratio 0.30

The specimen was loaded at a crosshead rate of 0.021 mm/s up to the final axial
strain of 1 %. In order to avoid influences of the temperature on the thermal
expansion of the test machine frame during the relaxation test, the crosshead bar
was nhot kept constant during the test but was controlled by the local strain
measurement. The measured crosshead displacement is shown in Fig. 4; keeping
the crosshead constant obviously would result in a significant error.

4. DATA REDUCTION OF THE CONFINED COMPRESSION
TEST
Only a brief summary of the analysis is given here; for a detailed description see

Ma and Ravi-Chandar (2000), Ravi-Chandar and Ma (2000) and Qvale and Ravi-
Chandar (2004). For the development of the strain and stress field a cylindrical
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coordinate system is used and the deformation of the specimen during the test is
assumed to be uniform and homogeneous. The inner diameter of the specimen is
2a and the outer diameter of the cylinder is 2b, as depicted in Fig. 3. The axial
strain and stress applied on the specimen are

&, =¢,(r,0,2), (1)
and
0,=0,(r0,7). (2)

The confining cylinder provides a radial restraint on the deformation of the
specimen. The pressure that develops as a result of this constraint both on the
inner surface on the cylinder and on the outer surface of the specimen is equal

and the stresses and displacements at the interface are given by
o, (@)=oq(a)=-0 3)
and
u,(a)=uf(a)>0, 4)

where the superscript c refers to the confining cylinder. Applying the Lamé solution
(Timoshenko and Goodier 1934) of the stress field of an axisymmetric problem the
stresses, strains and displacements can be expressed as functions of the
unknown stress ¢ and can be related to the hoop strain measured at the outer
surface of the cylinder. Furthermore the hoop strain can be used to calculate the
displacement at the inner surface of the cylinder. Due to the axisymmetric
symmetry of the configuration the strains and stresses in the radial and
circumferential direction are equal. Finally by means of the boundary conditions

the stress and strain field can be calculated and is given by

00 ) =00 (0 =2 E.6, ) 5)

2

o, (1) =0,(1) (6)
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o0 =200 =50 v )2 - 0 )

2z = ga (8)

where E; and v are the elastic modulus and Poisson’s ratio of the cylinder and &,
the measured hoop strain. From equations 5-8 it is obvious that a complete

description of the stress and strain field is given by only measuring three quantities
(O-a, éhl ga)

Since the principal stresses and strains are obtained in the confined compression
test, the viscoelastic characterization of the materials can be done in a

straightforward manner. In order to calculate the bulk and shear moduli, the

dilatational and deviatoric parts of the stress and strain field are calculated :

__ou®+20,()

9

=22 ©

gV = SZZ + 28”’ (t) (10)

S =0y — 005 (11)
8\/

eij =& —?5” (12)

in which o, and s; are the mean and deviatoric stress components, ¢; the
Kronecker delta and & and e; the volumetric and deviatoric strain components.
The bulk and shear behavior of a linear viscoelastic material are given by the

following convolution integrals:

og,
o dé (13)

0 =30, () =3[ K(t-2)

t oe..
(0 =26~ hds 14)
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where K(t) and G(t) are the viscoelastic bulk and shear moduli respectively. It is
obvious from equation 5-8 that all values for the solution of the convolution integral

are known.

As will be shown in the section 6.2., no significant changes in the hoop strain
during the test were observed, thus, a constant hoop strain was assumed.
Furthermore, to solve the convolution integrals with respect to the bulk and shear
moduli, some kind of functional representation is necessary. It was shown that the
series of decaying exponentials (Qvale and Ravi-Chandar 2004) provides an

accurate fit of the experimental data:

K(t)=nK_ + i(Ki - Kw)e[_:‘J (15)
G(t)=nG, + Z”;(G ,. —Gm)e[’t'] (16)

K., Ki, G, Gi and 7, are determined for each temperature from the experimental
data. A value of 4 was found to be the optimum value for n. The initial loading is
assumed to be a step loading function since the loading sequence is very short
compared to the testing duration. For this reason experimental data within the first
60 s of relaxation are not used for the data reduction. With these constraints the

final equations for the viscoelastic characterization can be found.

00 () =K, [z, + 262,01+ D (K, ~K,)e [z, + 21, (0] @7)
52 (0) =516, [z, — 5, O]+ 2.6, -6, )e " [z, ~ A1, (0] (18
with
0 (229, a9
1 aé

0

Equations 17 and 18 can be fit to the experimental data by an iterative process
varying the constants from equation 15 and 16 characterizing the moduli. This
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optimization was done by a MATLAB script. It was found out that the error
between the fit and the measured data is less than 1 % and can therefore be

neglected.

5. INTERCONVERSION OF THE SHEAR AND BULK
MODULI

In theory, from any two viscoelastic material functions the remaining material
functions of a homogeneous isotropic material can be determined by
interconversion. Whether or not the interconversion leads to reasonable results
depends strongly on the quality of the experimental data. Large errors may arise
from specimen-to-specimen variations or non-identical test conditions when data
from multiple tests are used in the interconversion (Lu et al. 1997). In this regard
the simultaneous measurement of the two material functions in the confined
compression test provides a key requirement for successful interconversion to
determine the remaining material functions: the Poisson’s ratio and the uniaxial
relaxation modulus. The confined compression test scheme avoids errors arising
from specimen-to-specimen variations and ensures identical experimental

conditions for the two measured material functions.

For the following interconversion method the bulk modulus K(t) and the shear

modulus G(t) are represented by a Prony series,

K(t)=K, +> K™ (20)
i=1

G(t)=G, + > .Ge '™ (21)
i=1

where the subscript «~ denotes the equilibrium values. Their Laplace transforms

are

1 & 1
K(s)=K, =+ Y K, ————
() s T s+l (22)
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1 & 1
G(5)=G, =+ > .G, ————
(5)=G. s T s+l (23)

where s is the transform variable. For an elastic material there exist relations
between the four material constants. In the case of a linear viscoelastic material
similar relations can be defined using the correspondence principle (Tschoegl|
1989). According to this principle, the linear viscoelastic relations are obtained by
substituting the Laplace transform of the linear viscoelastic quantity times the
transform variable for the elastic quantity in the elastic relations, i.e. substitute

sG(s) for the elastic shear modulus G. Even though the interconversion method is
the same for both the relaxation modulus and Poisson’s ratio, the underlying
relation for the latter is simpler and therefore more instructive to consider in detail.
The elastic relation between bulk and shear modulus and Poisson’s ratio for
isotropic materials is

3K -2G

v="m"22 (24)
6K +2G

and therefore the relation for the linear viscoelastic Poisson’s ratio is (Tschoeg! et
al., 2002)

:1 3K (s) — 2G(s)

V=5 6K(s) 2 26(9)

(25)

Using the Laplace transforms of the moduli as defined in equations 22 and 23 this

yields
3Kw1+23Ki#—2Gm1—ZZGi#
1 s ‘I s+1/z,, s O s+1/7g;
A 1 1 & 1 (26)
6K, +> 6K -~ +2G,~+>2G
s 5 s+1/7y; s o s+1/7g;

When the Prony series parameters are determined by a least-squares fit, it is
common practice to simplify the optimization problem by using predefined
relaxation times which are usually logarithmically spaced on the time range
covered by the data, with one or two relaxation times per decade in time. In this
case only the respective relaxation strengths have to be determined. From the

experience of the authors this approach leads to a larger number of parameters
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than necessary in case the relaxation times are optimized as well, but it is still
capable of providing a good fit. In the specific case of the relation for Poisson’s
ratio predefined relaxation times allow a simplification of the cumbersome eq. 26.
We choose to define a common set of fixed relaxation times for both moduli,

Ty =7g,; =7, . Using this set of relaxation times, eq. 26 becomes

(3K, —ZGw)1+Z(3Ki —2Gi)#
S i=1 S+1/Ti
v(s)zg I a 1 (27)
6K _ +2G )=+ 6K. + 2G;
( o0 oo)s ;( 1 I)S+1/Z'I

To further simplify this equation, we introduce the abbreviations

a, =3K; —2G,andb, =6K; +2G, and remove the fractions by multiplying the

n
numerator and the denominator with SH s+1/z,.
i=1

1 awll[s+1/ri +iai31£[5+1/ﬁ
i=1

V(S)=— i;l - j#

Sb,[[s+1/7,+ Y bs[[s+1/7,
i=1 i=1

j#

(28)

By expanding the products and collecting terms of equal degree in s one can see
that the numerator is a polynomial of degree n whereas the denominator is a

polynomial of degree n+1.
Thusv(s) is a rational function with n+1 poles s; and is analytic in C\{s,}. Clearly

there also exist constants M and p > 0 such that
M
v(s)|< o (29)

The inverse Laplace transform is given by the integral

v(t):zim_ j v(s)e*ds (30)

with 4 > max Ri(s;) . It can be shown that for functions that satisfy the condition 29,
J

the integral along a special circular contour vanishes (Schiff 1999). Consequently
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the residue theorem (Schiff 1999) can be used to calculate the inverse Laplace

transform.

]/+ioo

v(t):zim_ Iv(s)eS‘ds = z Res(v(s)e™;s,) :Zes"t Res(v(s);s;) (31)

where the sum extends over all poles. Finally the residues of the rational function

v(s) turn out to be simple poles, so that the residues can be calculated by

P(s;)

Res(v(s);s.) = Qs

(32)

Here P and Q are the numerator and denominator polynomials respectively, see
eq.28.
The ' denotes derivative with respect to s and the formula holds when P(s;) #0.

By comparing equation (31) with equation (20) we note that the inverse Laplace

transform yields v(t) as a Prony series, where the inverse relaxation times are

given by the poles s;and the spectral strengths are gives by the corresponding

residues. Thus we introduce vj:—Res(v(s);s.)andej:—i to finally express
S.
J

Poisson’s ratio as the Prony series
V(D) =v, - 2vie " (33)
i

We found that the residues at all poles except for s = 0 are negative. The v, are

therefore positive and the obtained Poisson’s ratio is a monotonically increasing

function of time.

The Prony series fits to the moduli were performed with a MATLAB script. The
script was designed to create a Maple program. Subsequently the CAS Maple was
called to execute this program, which performed the algebraic manipulations that
were outlined above. With the exception of the root-finding to determine the poles
the calculation of Poisson’s ratio is thus done analytically.

The uniaxial relaxation modulus can be determined from
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__9K()G(s)

=35y 1 6(9)

(34)

The inverse transform can be calculated as described for Poisson’s ratio with

Prony series for the bulk and shear moduli and the uniaxial relaxation modulus is

finally expressed as
K«,Gxﬁ(s+1/rk)ﬁ(s+1/r|)+zn:(KiGm+K£Gi)sll[(s+1/rk)ll[(s+1/r,)+ZHJZH:Kistzﬁ(s+1/rk)ﬁ(s+1/r,)

9 k=1 = = i=1 j=1
E(S)zf n n n n : n
s (3Km+GM)H(s+l/rk)H(s+l/r,)+Z(3Ki+Gi)sH(s+1/rk)H(s+l/r,) (35)

6. RESULTS AND DISCUSSION

In the first part further progress of the confined compression setup is described
and a quality criterion is introduced to distinguish between tests that provide
adequate results and tests yield unacceptable results. In the second part, the
viscoelastic characterization of the confined compression mode is presented. In
the last part, the unconfined compression relaxation response is compared to the
response obtained by interconversion of the confined compression data; this

comparison also shows the impact of particles on the relaxation behavior.

6.1. Progress on the Confined Compression Setup

Relaxation tests can in principle be divided into two stages; the initial loading of
the specimen, followed by the relaxation stage. In Fig. 5a the displacement of the
first 100 s of a selected relaxation test is depicted. After the linear loading stage
the displacement was kept constant within £ 0.01 mm. The resulting output load
and hoop strain are shown in Figs. 5b and 5c. Due to the local strain control and
the corresponding control speed of the testing machine, the load and the hoop
strain both show some amount of overshooting at the end of the loading stage.
Due to the fact that the first 60 s of relaxation were not used for the data reduction,

the effect of overshooting can be neglected.

Due to inaccuracies of the loading pin and specimen geometry, the initial loading
portion of the load-displacement curve in compression shows an increasing slope,

as illustrated in Fig. 6a for the confined setup. This indicates that the specimen
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and the compression plate is not perfectly aligned and in full contact along the
whole specimen surface. With exact machining of cylindrical specimens the initial
portion of the load-displacement curve can be minimized to be less than 30 pm
(Jerabek 2009). In the confined compression configuration the overall error is
larger due to the application of steel loading pins and the confining cylinder. For
this reason the initial phase is about 100 um, as depicted in Fig. 6a. To correct for
this misfit a linear function was fitted to the linear range of the load-displacement
curve (the arrows in Fig.6 indicate the fitting range), and extrapolated to the
beginning of the test. Thus, the true axial strain applied on the specimen can be
deduced. It is worth noting that the actual strain applied varied from test to test
between 0.6 % and 0.9 % depending on the accuracy of the whole measurement
system. The same procedure was also utilized on the hoop strain vs. displacement
curve to correct for the true hoop strain (Fig. 6b). Both correction procedures are
essential in compression testing in order to obtain accurate results. Therefore, the

adjustment of the force was also applied in the uniaxial compression test.

During the testing program it turned out that despite the fact that the starting
procedure of the measurement was similar for all tests, not all measurements
provided reliable results. It turned out that the load vs. hoop strain relation during
the loading of the specimen can be used as a quality criterion of the test. In Fig. 7
an example of a perfect linear relation between the axial load and hoop strain in
the cylinder is shown. Additionally the linear fit is plotted; it was determined that a
coefficient of determination higher than 0.995 yield in reliable test results. An
example of a poor relation of the load vs. hoop strain curve can be found in Fig. 8.
Note that one must still account for the initial nonlinearity that arises from seating

effects discussed above.

6.2. Viscoelastic Characterization of the Confined Compression

Experiment

The two important measurements of the relaxation test are the axial stress and the
hoop strain. In Fig. 9 selected results of the axial stress for PP at various
temperatures are shown. Typically two to three decades of time were covered in

one test. The corresponding hoop strain curves are plotted in Fig. 10. It is obvious
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that there is no clear trend of the hoop strain at different temperatures. This finding
is in accordance with Qvale and Ravi-Chandar (2004). Due to the fact that the
hoop strain is almost constant during the test, the influence of the small
fluctuations seen in Fig. 10 on the calculations is negligible; therefore, we

considered the hoop strain to be constant in time.

The axial stress and hoop strain are used for the calculation of the mean and
deviatoric stress as explained in Section 4. Then the bulk and shear moduli are
determined by using equation 17 and 18. This procedure is repeated for each test
at a certain test temperature. For a proper and smooth generation of the master
curves in the linear viscoelastic range only horizontal shifting of the several results
iIs necessary. The bulk and shear master curves for the neat PP shown in Fig. 11
were obtained by horizontal and vertical shifting, which is common for the
nonlinear viscoelastic range. The linear viscoelastic limit of polymers depends on
temperature and hydrostatic pressure and is significantly higher below the glass
transition temperature (Ty) than above Tg4. In order to avoid significant post-
crystallization in the relaxation tests, the maximum testing temperature for all
materials was limited to about 70 °C. Nevertheless, it was noticed that some post-

crystallization may have occurred at 50 °C and above.

For the neat PP, the linear viscoelastic limit in tension at 23 °C is below 5 MPa
(Retting and Laun 1991). Since compression testing at such low stresses is
difficult due to initial misfits, the specimen was loaded up to 1 % axial strain. This
results in axial stresses significantly larger than the linear viscoelastic limit (Fig. 9).
For this purpose tests conducted at elevated temperatures were vertically shifted
to obtain a smooth master curve. The strain range of the initial misfit has a
significant impact on the stress and strain level the specimen experiences and
thus on the applied vertical shifting. Another effect contributing to the vertical
shifting particularly of the bulk modulus arises from variations in the specimen
geometry. A misfit of 0.01 mm between specimen and cylinder results in errors in
the bulk modulus of up to 30 %. However, the amount of horizontal and vertical
shifting was only chosen by visual inspection of the master curve assuming that
the trend of the bulk and shear relaxation modulus is not affected by nonlinear

viscoelastic behavior.
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For the generation of the bulk and shear relaxation master curves the same
horizontal shift factors for both functions were used although the mechanisms of
relaxation are different in shear and bulk (Ward 1971). Due to the limited bulk
relaxation and the applied vertical shifting of the curves conclusions about the time
shifting are not possible. In Fig. 12 the relaxation master curves for all investigated
materials are shown, using equal time shift factors for the bulk and shear moduli. It
should be noted that the Prony series fitted to the master curves is shown, rather
than the raw data points. This Prony series is then used in the next section for the
interconversion of the bulk and shear relaxation moduli. As expected, rigid
particles increase the stiffness of PP; higher volume fractions of filler result in
higher bulk and shear modulus values. Comparing the moduli of the composites
containing the glass beads and talc, the effect of particle shape is evident. Due to
the reinforcing effect of the aligned talc particles, a significant increase of the
shear relaxation modulus was observed, while a limited influence on the bulk
relaxation modulus was determined. However, the particles do not appear to affect
the short time relaxation response of the materials significantly, but may influence
the approach to long-term response. We will return to this in the next section with

a discussion of the interconverted uniaxial relaxation modulus.

6.3. Unconfined Compression Results and Interconversion of

Relaxation Moduli

In order to determine the pressure dependence of viscoelastic material functions
unconfined compression experiments were also performed and the corresponding
master curves are shown in Fig. 13. For the generation of the master curves, tests
were carried out from -30 °C up to 70 °C to have the same temperature range as
for the confined tests. For comparison, all test results are shown in Fig. 16 for the
talc filled PP composite. Obviously, only minor scatter in the data was observed.
Vertical shifting was not applied on the data since the measured stress levels are
significantly smaller than in the confined mode, specifically above T4 due to the
lower hydrostatic pressure.

In order to compare the confined results with the unconfined measurements, the

interconversion of the shear and bulk relaxation moduli is necessary as described
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in Section 5.The result of the interconversion in terms of the uniaxial modulus is
depicted in Fig. 14 for neat and talc filled PP. In the confined mode a significant
retardation of the relaxation was determined. In the glassy state below T4 only a
minor influence of the hydrostatic pressure on the relaxation function can be
found. This is in good agreement with the literature (Qvale and Ravi-Chandar
2004), where the pressure sensitivity of the stiffness and strength of polycarbonate
and polymethylmethacrylate were investigated. The high pressure sensitivity
above T4 can be explained by the free volume in the amorphous phase. High
hydrostatic pressure reduces the free volume and thus the mobility of molecules,
which gives rise to the reduced relaxation in the confined setup. Below T, the free
volume is frozen and hence, the influence of hydrostatic pressure is limited. This
results in almost equal uniaxial relaxation modulus values in the glassy state.
Furthermore, the confined compression experiment shows the material behavior
not only at increased hydrostatic pressure levels but also at multiaxial stress
states. Relaxation at complex stress states is retarded and uniaxial results used as
input data in numerical simulations result in an underestimation of the mechanical

properties.

For PP filled with low volume fraction of glass beads a uniaxial tensile relaxation
test at 23 °C was carried out additionally (Fig. 15). The test was shifted
horizontally using the time shift factor from the uniaxial compression test for a test
temperature of 23 °C. The influence of hydrostatic pressure increases the
relaxation modulus at a reduced time of 10 s from 1115 MPa in the tensile
loading to 1445 MPa in uniaxial compression up to 2125 in the confined
compression mode. This again reinforces the need for testing under adequate
stress states to determine the viscoelastic properties of polymers specifically in

creep and relaxation.

As it was already shown, rigid particles have an influence on the long-term
behavior of polymers (Fig. 12). For the purpose of quantifying this influence for
different stress states, the relative relaxation in % was calculated and plotted for
the unconfined and confined mode in Figs. 16 and 17, respectively. This allows for
a comparison that is free of absolute values and gives rise to the pure amount of
relaxation. The relaxation behavior of PP and glass bead filled PP is almost similar
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in the unconfined mode, as illustrated in Fig. 16. Thus, small volume fraction of
fillers influence the modulus values, but have no effect on the overall relaxation.
This may be explained by different effects both increasing and decreasing the
relaxation moduli. First, retardation of the relaxation may generally be observed
due to the rigid elastic filler. Second, the most important contribution arises from
the spontaneously formed interphase between particle and matrix, which has a
property different from that of the matrix (Pukanszky 2005). This is associated with
the reduced molecular mobility of the macromolecular chains connected to the
particle surface and leads to delayed relaxation. Third, the complex multiaxial
stress state around the particles also results in a reduced relaxation. Finally,
interfacial failure and subsequent debonding of the particles from the matrix
reduces the effective cross-section of the specimen and thus, the load-bearing
capability. The stress distribution around spherical inclusions as derived by
Pukanszky (1993) shows the maximum radial tensile stress responsible for
initiation of the debonding process at the equator of the spheres when loaded in
uniaxial compression. Taking the axial stresses applied in the uniaxial
compression relaxation test, local tensile stresses of 20 MPa (for test
temperatures below T4) can be obtained. Comparing this with debonding stresses
derived from uniaxial tensile tests (Jerabek 2009), interfacial failure may occur in
uniaxial compression relaxation tests. For the glass bead filled composite all
mechanisms described can be detected simultaneously. Interfacial failure is mainly
compensated by interphase formation and to a lesser extent by hydrostatic

pressure.

For the talc filled PP a significant retardation of the relaxation was found mainly
due to two effects: first, the amount of interphase formed is significantly larger than
for the glass bead filled PP due to the specific surface area of talc and second, the
debonding stress for the talc filler investigated is larger than for the glass bead

grade studied, as was shown in (Jerabek et al. 2009).

The behavior described above is further corroborated by the result obtained in the
confined mode, depicted in Fig. 17. The relaxation curves for the various
composites are similar, but differ significantly from that of the unfilled PP. The local
tensile stresses at the equator of the spheres are compensated by the radial
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stresses applied by the confining cylinder in the confined compression test. The
maximum compressive stress at the pole of the sphere is about 5 times the value
of the tensile stress at the equator, calculated according to (Pukanszky 1993). As
the ratio of the axial stress to the radial stress in the confined compression test is
smaller than 3 for the configuration applied, local tensile stresses around the
particles can not develop and interfacial failure is inhibited. It is worth noting that in
addition to differences in the end values of the relative relaxation of both methods
by a factor of 2, the trend of the relaxation also differs from exponential decay in

the unconfined mode to a power-law decay in the confined mode.

The bulk and shear relaxation modulus can be used to calculate Poisson’s ratio,
as described in Section 5. The time-dependent Poisson’s ratio for all materials
investigated is shown in Fig. 18. The Poisson’s ratio for polymers increases with
time and temperature from about 0.3 below the secondary transition temperature
up to the limit of 0.5 (corresponding to incompressibility) at high temperatures
(Tschoegl et al. 2002). For the unfilled PP a Poisson’ ratio of 0.33 at —30 °C was
measured and increases up to 0.45, which corresponds to a testing temperature of
about 70 °C or reduced time of 10™. As with other viscoelastic material functions,
Poisson’s ratio is also dependent on the pressure (Masubuchi et al. 1998). Below
the glass transition temperature pressure increases Poisson’s ratio since the free
volume is frozen and the applied hydrostatic pressure enforces the material to
deform in the transverse direction like an incompressible fluid. Above T4 Poisson’s
ratio will be decreased by hydrostatic pressure due to the reduced molecular
mobility. Comparison with experiments at different stress states will be presented
elsewhere (Tscharnuter et al. 2009).

Since rigid particles have a Poisson’s ratio of about 0.21 for glass beads and 0.21-
0.27 for talc, which is lower than the value for unfilled PP, addition of fillers reduce
the Poisson’s ratio of the filled composite, as shown in Fig. 18. The properties of
elastic fillers are constant within the temperature range investigated. Hence, the
difference in the Poisson’s ratio between filler and matrix is not constant and is
increasing with temperature and time. This explains that the curves for the unfilled
and glass bead filled PP coincide at the beginning followed by an increasing
difference at large times. It should be noted that the difference in the Poisson’s
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ratio at low temperatures is beyond the accuracy of the test method and data
should be treated with care. As already mentioned for the talc filled composite, ice
formation could not be avoided entirely resulting in a higher relaxation of the bulk
modulus as expected (Fig. 12). This affects the result of the Poisson’s ratio
significantly. Nevertheless, a trend can be deduced that due to an aspect ratio of
8, talc particles have a more pronounced influence on the Poisson’s ratio than

glass beads.

/7. CONCLUSIONS

In this paper the confined compression test was applied to PP and particulate filled
PP composites to determine the long-term shear and bulk relaxation moduli. In
order to obtain reliable and reasonable test results an advanced testing procedure
was introduced to correct for initial misfits and to allow for the implementation of a
quality criterion. Furthermore, it was pointed out that local strain control with high
temperature stability within the temperature chamber is absolutely necessary to

perform valid relaxation tests.

For the generation of the bulk and shear modulus master curves horizontal and
vertical shifting was applied. A significant relaxation of the shear modulus was
found within the temperature range investigated in comparison to the limited
relaxation of the bulk modulus. Rigid particles increase both the bulk as well as the
shear relaxation modulus. Moreover, particles change the relaxation behavior and
significantly retard the relaxation in case of talc filler. By interconversion of
viscoelastic material functions the uniaxial relaxation modulus and the Poisson’s
ratio were calculated. Through comparison of the unconfined and confined
compression relaxations, the pressure sensitivity of the viscoelastic PP matrix was
determined and discussed with respect to the free volume theory. Comparison of
the relative relaxation reveals the influence of interfacial failure on the long-term
performance of particulate filled composites. Furthermore, it was shown that the
trend of the relaxation changes from exponential to power-law form indicating the

strong influence of pressure on relaxation.
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The time dependent Poisson’s ratio was calculated by interconversion of the bulk
and shear relaxation modulus. As expected, an increasing Poisson’s ratio with
time was found. The addition of rigid particles results in a lower value of Poisson’s
ratio. Thus it was demonstrated that with the test configuration applied, all

viscoelastic material functions can be accurately determined with one test.
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Fig. 1. Particle size distribution for glass bead and talc filler
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Fig. 2. Photograph of the compression tool showing the four aligning bars at each
corner and the LVDT for the local strain measurement. The confining
cylinder between the two compression plates can be seen.
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Fig. 3. Schematic of the confined compression test, 2a and 2b representing the

radius of the specimen and confining cylinder
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Fig. 4. Displacement of the crosshead during relaxation testing when keeping the
local strain (LVDT) constant. Overall changes in the displacement are from

temperature variations in the environment.
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Fig. 11. Bulk and shear relaxation master curve for the unfilled PP. Tests were

performed from -30 °C up to 70 °C.
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Fig. 12. Relaxation master curves for all materials investigated showing a

significant influence of rigid particles on the modulus values
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the long-term relaxation behavior
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Retarded relaxation for the talc filled PP can be seen
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Fig. 17. Confined relative relaxation master curves for all investigated materials.

Retarded relaxation was found for the particle filled composites in

comparison to the unfilled PP.
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