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ABSTRACT

HIGH TEMPERATURE BEHAVIOR OF POLYPROPYLENE
AND POLYPROPYLENE / GLASS COMPOSITES

By
Katherine Mary Herber Shipley

Solid state die drawing of polymer matrix composite mateaH&rs an opportunity to make
products that cannot be produced by any other method. This is done by heating a compbsite bille
to a temperature just below the melting point and drawing it thraugtated converging die by
pulling from the downstream side. Since this is done at high tempesait is imperative to
understand the behavior of the polymer and the composites at high temgeraerefore, in
this work, the stress-strain behavior of neat polypropylene andrpplgpne composites with
glass flake and glass bead fillers was studied at 23°C, 130°C, and 145°C. The onset ofhgebondi
was found to occur at a lower stress and strain for the comptested at higher temperature,
while the loss of reinforcement was slower at the elevategdetures. The interfacial
interaction between the filler and matrix was also determittecbe greater at elevated
temperatures. The presence of filler particles also changedhtracter of the stress-strain
curves at higher temperatures. Specifically, the filler indugesharper neck region in the
composites at elevated temperature. Annealing for one hour atrégorpe between 130°C and
145°C produced a secondary, lower melting temperature peak in the 8€s,cwhich
increased in prominence with increasing temperature. This incireggeminence was greater
for the composites than for the neat polymer. Finally, the onsetohdeng was studied using
transverse strain vs. stress curves for the two composites. bbedileg stress decreased with
increasing temperature for both materials, and it was detedrhat stress amplification at the

interface is greater for the flake composite than for the d beeomposite.
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1. Introduction and Background

1.1. Problem Statement and Objectives

With the environmental movement to go green and the current economidicms)di
consumers are demanding more from less. Engineers and sciergisased with the challenge
of designing and producing goods from less material without sacgfsafety, style, or comfort.
One manufacturing technique that has many possibilities in moderashand workplaces is
solid state die drawing of polymer composites, which allows the production of newatsateat
cannot be manufactured in any other way.

Solid state die drawing involves heating a prepared polymer lulketémperature below the
melting point to allow it to become a soft solid, and then pullingoinfthe downstream side
through a heated converging die as illustrated in Figure 1. Theteva regions of deformation.
The first is the deformation that occurs within the die, ands#w®nd is the deformation that
occurs due to neck propagation of the freely drawn billet (1). Inbelelie, the polymer billet
maintains the draw ratio of the die, whereas once the polyrnsesxited the die, it freely necks
down, and the finished dimensions of the drawn sample are a function of the draw rate (1).

Solid state die drawing of composite materials allows the ptmstucf materials that exhibit
lower density while maintaining the same, or even improved, mechagmoperties of the
undrawn material. It has long been known that drawing of neat sataltine polymers
produced oriented polymers with improved mechanical properties, suchdatusiand tensile
strength (2; 3). When the semicrystalline polymer contains aplate filler, the density of the
drawn composite is lower than that of the composite before draliego debonding; however,
the mechanical properties are the same or improved. Therdierd,awing of a semicrystalline

polymer matrix composite can be used to produce a product with lnsityléhat still maintains



an acceptable modulus and tensile strength to allow the produeutsehil in many engineering
applications.

This is achieved by three phenomena, the first of which is voichtiomi. Void initiation
occurs by partial debonding of the filler particles, and is foltbwlesely by void growth, which
occurs with increasing axial strain. Void initiation and growthrasponsible for lowering the
density of the solid state die drawn material. Along with voidatan and growth, both the
crystalline and amorphous regions of the polymer are oriented ddregdrawing. The
orientation of the polymer leads to enhanced mechanical properties pbltymer matrix. This
work focuses on void initiation and growth, as well as the effeatrafing die drawing tests at
temperatures just below the melting point.

One objective of this work is to investigate the temperature depeads the stress-strain
curves of neat polypropylene and two polypropylene composites, onéenaoyiglass flakes and
one containing glass beads. This is important because die drawesy glaces at elevated
temperatures just below the melting point of the polymer. Additiongdéy differential scanning
calorimetry (DSC) melting curves will be studied after holdiog one hour at temperatures
ranging from 130°C to 145°C. This will be done in order to investigatergfsallinity of the
samples at the same conditions they would experience immedataiyo die drawing. Finally,
debonding will be studied by measuring transverse strain duringsigetéest at temperatures of
130°C, 135°C, 140°C, and 145°C for the glass flake composite and the glass beaditeom
This will allow for determination of the effect of temperatoredebonding as well as the effect
of the filler shape.

1.2. Background



Success with solid state extrusion of neat polymers began in the WaiOkhe discovery
that processing neat high density polyethylene with large dxteg through a converging die in
a capillary rheometer at temperatures just below the mefioigt induced high levels of
polymer orientation. The polymer orientation improved the mechanical niespencluding
tensile modulus and tensile strength (2; 3). The samples obtaoradttiis method exhibited
higher crystallinity, higher degree of crystal perfection, higheslting points, and more
orientation in the formation direction than ever reported previouslgifir density polyethylene
(4). These results led to attempts at solid state die drasfingmposites. One such example is
die drawing of short glass fiber reinforced polyoxymethyleése6]. Examination of the drawn
composite indicated excessive voiding, and at higher draw speedoriposite exhibited
macroscopic fracture just after exiting the die. Even samipédsmere successfully drawn at low
draw rates exhibited poor mechanical properties due to debonding bdtveebers and the
matrix. Debonding occurs because the stress applied to the compasite lbe transmitted from
the continuous polyoxymethylene phase to the dispersed glass filsa, @imal therefore the
interfacial stress increases until the matrix debonds frondilike (6). Debonding of the filler
from the matrix lowers the effectiveness of the filler as reinforcewfethie polymer.

Two important phenomena must be understood in order to make die drawbrgisites a
viable manufacturing method. The first is the behavior of compaaitelevated temperature and
the difference between composite behavior and neat polymer behavtlwsa temperatures.
This includes the stress-strain response, as well as evolutiomysiblcstructure at high
temperature. The second is debonding of the polymer matrix frachinigusions of different
shape at elevated temperatures. If these effects are undenstboanabe effectively controlled,

the potential of die drawing to manufacture new materials can be realized.



The change in tensile modulus of neat polypropylene (PP) with tatnpe has been studied.
Unequivocally, the tensile modulus has been found to decrease with increasing tiene(ér8;
9). This makes sense due to the softening of the material asriperature increases. However,
Drozdov and Christiansen (10; 11) report that annealing the neat @oyjgme at various
temperatures and cooling to room temperature before testing hasslh@en to increase the
tensile modulus. Greater improvement is seen as the anneahmgerature is increased.
Similarly, tests have shown that the yield stress decredfiesncreasing test temperature for
neat PP (7; 8; 9; 12). Drozdov and Christiansen (13) have again showmtlealireg and
subsequent cooling to room temperature before testing increasg®lth stress of the neat PP.
Additionally, Seguela et al. (14) have shown that, not only does ann¢héngeat polymer
increase the yield stress from that of the unannealed polymet, dsb imakes the yield stress
more sensitive to temperature when the two are tested inrtteersage of temperatures. While
there is no extensive work carried out on the effect of temperaturthe yield strain of neat
polypropylene, examination of the experimental results of Bao gonT7) suggests that the
yield strain increases slightly with increasing temperatdosvever, Drozdov and Christiansen
(15) have shown that the elongation ratio for yielding, which is someavfaddgous to the yield
strain, decreases with increasing annealing temperatune theesamples were cooled to room
temperature before testing.

Besides affecting the stress-strain behavior of the polymemgeat specifically annealing,
the neat polymer leads to changes in the crystallinity atalrgtructure of the polymer as well.
Polypropylene has a 3/1 helical structure when cooled from the (@l The helices form
monoclinic a-crystals, hexagondd-crystals, or orthorhombig-crystals, of which the-crystals

are the most thermodynamically stable (17; 18). The crystalm fspherulites, or three-



dimensional, radial arrangements of crystal lamellae (19). Vileemelt is cooled rapidly, as in
the case of injection molding, the helices may also form atgr@tase, in which the chains are
ordered more in the longitudinal direction than in the transverse direction (16; 20).

Many studies have been done to investigate the effect of annealitige microstructure of
polymers (13; 21; 22; 23; 24; 25; 26; 27; 16). Most commonly, the crystalthiyges are
detected by the presence of a secondary, lower melting teomgepstak in the DSC heating
curves (13; 21; 22; 24; 16) similar to that seen for polymer crygsdllisothermally at
temperatures near the melting point (28; 18).

It is generally agreed that annealing at temperaturegebatthe crystallization temperature
and the melting temperature allows increased mobility of the mlyhains (26; 16). This
increased mobility allows the polymer chains to reorganize amdarege when held at high
temperature (21; 28; 24; 16). During this time, the smectic phasgfdrens gradually int@:-
crystals (16). Often, this rearrangement results in an ireieasverall crystallinity (13; 21; 22;
24; 27; 16). The increase in crystallinity ranges from about 2% tof@0%e¢ hours of annealing.
It has also been shown to result in lamellar thickening (13;221;23; 24; 25; 16; 28) and
reduction of defects (21; 23; 16). Thickening and reordering of ttetatsyresults in a state of
lower free energy, which is thermodynamically preferred (21). The higk&ing point peak has
been shown to be unchanged by the annealing process, which indicatesngeding does not
affect the more stable-crystals (16). Studies have also shown that longer annealing liae
to greater increase in crystallinity (24; 27), but the greatesease happens very rapidly, in
approximately the first hour of annealing (27).

Addition of filler particles to a polymer matrix is also knownatifect both the stress-strain

behavior and the crystallinity. For example, Faulkner and Schmidfq@ayl that the addition of



glass beads to polypropylene increased the tensile modulus bedskgtithe yield strength. Tsui
et al. (30) found similar results with glass bead filled polyytene oxide, and also reported
room temperature stress-strain curves with different charactédre unfilled and filled polymer.
Specifically, the unfilled polymer displayed a neck region befoaetdire, while the filled
polymer displayed no neck region and only a gradual decrease s Isttesen the yield strain
and fracture. The presence of a filler has also been shown tahaaféect on the crystallinity
and crystalline structure of a composite when compared with thotbe afeat polypropylene
(31; 32; 33; 34; 35; 36). Yuan et al. (31), for example, found that additiorasé geads to a
polypropylene matrix had a nucleating effect but decreased thallosrystallinity of the PP. In
contrast, Arroyo and colleagues (32) found that short glass fibeesnueleators in PP, but that
the overall crystallinity increased with increasing volumetfom of fibers. They also found that
above 30vol%, glass fibers resulted in a decrease in the PPRulgphsize. Finally, they
discovered that glass fibers did not induce transcrystallinitheir samples. Transcrystallinity
occurs when when crystal growth along a surface is restriota direction perpendicular to that
surface (36). Not all surfaces produce transcrystallinityAnadad the exact conditions that result
in transcrystalline growth are not completely understood (36). HasdnMcGill (33) have
found that glass does not produce transcrystallinity in PP, but haweluded that the
topography of the surface is key to whether or not transcryfstats Specifically, they found
that situations that result in the ability of PP chains to igwealed to transcrystallinity. This is
in keeping with the work of Shaner and Corneliussen (35), who founddhtsct with a glass
coverslip did not induce transcrystallinity unless there weresriacthe coverslip. In this case,

transcrystals formed along the crack. A review of transciystalby Quan et al. (36) points out



the ongoing debate about which materials may cause transanytstalhd what conditions are
favorable for the growth of transcrystals.

Aside from introducing differences in the stress-strain behawidrcrystallinity from those
of the neat polymer, inclusion of particulate fillers introducespthesibility of debonding when
the composite samples are stretched. Debonding in composite fediasebeen the subject of
many studies. Studies in polymer matrix composites have focusedbondigg of spherical
bead fillers through experiment (37; 38; 39; 40; 41; 42; 43; 44) and tlvabrabdeling (45; 46;
47; 48; 49; 50). Debonding of fiber fillers (51; 52; 53; 54) has also beerediuhese studies
have generally been done at room temperature, not near the npatmtgof the polymers.
Debonding around spherical beads has been widely studied becausetithes phemselves
cannot be oriented, making the composite isotropic. Gent and Park (3kgdweith glass
spheres in an elastomer matrix, and found that the stress refquickzbonding depended on the
modulus of the elastomer as well as the size of the bead. wodirwith multiple inclusions
found that the debonding stress also decreased when the distancenbetoveleeads was
decreased (37).

Dekkers and Heikens (38) studied crazing as a function of silastengets that varied the
adhesion. They found that, for well-adhered glass beads, crazes formed nearslud {hal bead
in the stretch direction, while for poorly-adhered glass beadzes formed between the poles
and the equator of the beads. They proposed that the craze formahencase of the poorly-
adhered glass beads followed debonding of the matrix from l&e filhich begins at the poles.
The crazes subsequently form at the edges of the debonded region.Isthéyuad that the
stress required for crazing was lower when the beads wereetleddinered to the matrix (55).

Therefore, if debonding occurred before the crazes formed, and ¢se atrwhich crazing is



observed is lower for poorly adhering beads, the stress redoiretebonding must decrease
with decreased adhesion between the filler and matrix.

Vollenberg, Heikens, and Ladan (39) found that, for bead shaped fillebending is
initiated at the poles of the particle in the direction of dtret@here interfacial stress is
concentrated. The debonded region initially encompasses about 20° at each @otritical
stress, hereinafter called the debonding stress. Zhuk et alfd4id that as the stretching
continued, the void grew and encompassed a greater portion of the bead, up to about 116° at each
pole. Vollenberg et al. (39) used an energy balance between theigiaestgy in the matrix
near the filler surface and the adhesive energy between thehtxges to predict the debonding

stress. This is given in Equation 1:

2
oq _
g AVa| =WalASy| (1)

whereay is the local debonding streds,is the matrix modulusAVy is the debonded volume,
Wp is the work of adhesion between the matrix and filler, &8¢lis the debonded surface area.
Particle shape can be taken into account with the expressions/foand ASy. Beads, for
example, havaASy/AVy of 6/R, whereR is the radius of the bead. If only a portion of the bead is
debonded, the expression is modified tB 6in6d, wheref is half of the debonded angle (39).
Based on this energy balance, and confirmed with experimentdisyegollenberg et al. also
established that larger beads require less stress andtgtdgibond than smaller beads (39). The
larger particles debond more readily than the smaller pestibecause debonding of large
particles creates more new surface area than debonding dpsmtigles, and thus releases more
energy (39; 45). In fact, composites with small beads may ré@cmacroscopic yield stress

before the beads have debonded (39).



The energy balance of Vollenberg et al. does not take into accaithiakthermal stress in
the composite that results from cooling from the melt during compouadithgnolding (39; 40;
56). It also does not take into account the stress concentration &ctohich accounts for the
increase in the local stress at the interface caused hgab#ity to transmit the applied stress
across the interface. For spheres, the stress is concemt@dedt the poles of the particle in the
stress direction, and for a single sphere with no interaction oappang stress fields with other
spheresag has a value of 2 (37). According to Sudar et al (56), the debonding stress faradpheri
fillers is more accurately described by Equation 2:
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whereoT is the thermal residual stress abgandC, are constants that depend on the material
properties and also take into account the stress amplification fagtor,

Vratsanos and Farris focused their work on developing a model that couseddbeo predict
the debonding stress of a composite under uniaxial tension (45; 46; 5Motleéuses a linear
elastic model for the matrix and assumes that changes in moduduiaction of applied stress
are a result of an effective decrease in filler conceatrataused by debonding. The model is
given in Equation 3 for a composite containing spherical fillerthénabsence of an external

pressure imposed on the system (45; 46; 57):
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whereay is the debonding stredsg is the composite modulugy is the work of adhesiofRy is
the radius of the particle ardE/d(] is the rate of change of composite modulus willerfi
volume fraction. This model was shown to work wiell composites with an elastomer matrix
(45; 46; 57), but did not work as well for moreidignatrices (58; 48; 59).

Specifically, Wong and Ait-kadi (59) were unablefitathe Farris model to glass bead filled
high density polyethylene. The stress-strain bedrapredicted by Farris’ model deviates from
the experimentally obtained curves, especiallyh@ honlinear elastic region. Based on this,
Meddad and Fisa focused on developing a methoddémtify debonding from simple
experiments, and found that at room temperature, digbonding detected from stress-strain
curves might be obscured by strain softening ofrtfarix, and therefore not detectable from
tensile tests alone. Also, results from tensilatdiinetry are obscured by the dilational response
of the matrix itself, which, along with the factatithe volume change due to debonding is very
small, makes tensile dilatometry an undependabtaaddor detecting debonding (60).

Dubnikova, Muravin, and Oshmyan (61) found that lkmancentrations of fillers resulted in
debonding that was independent and complete aintti@l stages of drawing, while above a
critical concentration, debonding was correlatduis was a result of overlapping stress fields at
higher filler concentrations. Sjogren and Bergl@é#) found that debonding began at a very low
stress (corresponding to 0.7% strain at room teatpes), after which the matrix deformed
plastically. If the strain was continued, the dedexh portions formed voids that were nearly
cylindrical in the direction of stretch. They almnd that the stress and strain at the onset of
debonding decrease with increasing volume fraatiogiass beads. Data from Asp, Sjogren, and
Berglund (63) agree with those of Meddad and F&3 that debonding was complete before

yielding occurred. In contrast, Pukanszky and Vdis® concluded that debonding began near

10



the yield stress. Later work by Renner et al. (@li9wed that, at filler loadings below 20%,
debonding occurred at low stress, while at filadings above 20%, debonding occurred at the
yield point. Sudar et al. (56) also found that thenber of particles that debond was related to
the stiffness of the polymer matrix. In fact, ifffahatrices most of the particles debonded, while
in softer matrices less than 30% of the particley tmave debonded. The growth of voids and
final size of voids were also affected by the sgffs of the matrix, where stiffer matrices gave
more voids with a smaller size and softer matrgaage fewer voids of a larger size.

For aligned short fiber reinforced polymers, wiaetensile stress is applied to the composite
in the direction of the fibers, the interfacial ahstress is the greatest at the fiber ends, wdneh
the first to debond. Upon increasing the tensilesst the debonded portion will increase along
the length of the fiber from both ends. The growtlthe voided regions continues until the fiber
breaks or, if the fiber length is less than theiaal value, the growth of the voided regions
continues until the entire fiber is debonded (F4).important consideration for debonding of
fibers from a polymer matrix is friction betweenettiber and the polymer (52; 53; 54).
Therefore, when testing for debonding in fiber cosifes, care must be taken to separate the
force required for debonding from frictional forg@s). The fiber pull out method was shown to
be most useful in obtaining both debonding stressfactional components of the fiber pull out
(54). With short fibers the effect of neighboringrficles on stress concentration at the fiber ends
is negligible; however, for aligned platelets th@ss concentration at the ends of the platelet due
to neighboring particles is much more significag#)(

Debonding clearly must be taken into account wihesling with stretching of composites,
which occurs during die drawing. At room temperaiulebonding has been experimentally

detected by different methods. One method is tosomeaacoustic hits, or the high frequency
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sound emitted when the filler debonds from the atrhe range of deformation over which
debonding occurs can be determined, but this mdtasdchot worked well for composites with a
broad particle size distribution (41). Volume gtraneasurements have also been used by
monitoring the slope of a volume strain versus gédion curve. When the slope increases,
debonding has occurred (42; 65). The downsideisfrttethod is that the debonding produces a
very small volume increase, and it could potenti&é obscured by dilation of the polymer
matrix (60). Microscopy has also been used to ddtex onset of debonding, in which the
sample has been stretched in tension while beisgrebd with a light microscope (47; 43) or
SEM (66). Finally, analysis of the stress-strainvethas been used to detect debonding (39). The
stress-strain curve exhibits two linear portionsddfering slope, giving a kink in the linear
region of the curve. This kink indicates the orgetliebonding. The potential problem with this
method is that, at room temperature, the debonstirggs might be obscured by strain softening
of the matrix (58; 60). This method was chosen taluate the onset of debonding at high
temperatures in this study. At elevated temperajutee material is very soft, and low strain

rates do not cause enough strain softening to obslea kink in the stress-strain curve.
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2. Material Specifications and Procedures

2.1. Material Specifications

The matrix polymer used in this study is 5D37, &p@pylene homopolymer manufactured
by Dow Chemical Company. 5D37 has a melting tentpezaof 166°C and a |\ of 249,400. It
has a melt flow rate of 2.7 g/10 min and a polydisgly of 4. Two types of E-glass filler
particles with different shapes were used in thislyg neither of which contained any type of
surface treatment to enhance adhesion with polybeap. The spherical glass particles were
solid spheres, 3000E, manufactured by Potter’s dindhs, Inc. They had a mean particle
diameter of 35 um. The glass flakes, REF-015, waeaeaufactured by NGF Canada, Ltd., and
had a mean particle length before compounding of ®n, a mean particle width of 6.0 um,
and a mean particle thickness of 5 pum, with a vpiaeicle size distribution. An SEM image of
the flake particles is shown in Figure 2. This figgghows the wide range of particle sizes and
shapes present in the material. The aspect rétitre @lass flake particles before compounding
ranged from 1 to 4, with a mode of 2. The polyptepg was compounded separately with the
glass beads and glass flakes in a Farrel CP25thoons mixer to obtain a filler volume fraction
near 0.2 for each composite. Ash content testeatell that the actual volume fraction of filler
was 0.16 for the flake-filled composite and 0.18tfee bead-filled composite.
2.2. Procedures
2.2.1. Mechanical Testing
2.2.1.1. Sample Preparation

Neat polypropylene and the two composites werectige molded to form ASTM D638
Type 1 tensile bars for testing. These tensile baxe a gage area 12.5 mm wide and 3.0 mm

thick. The melt temperature for each material wa4°€, and the mold temperature was 38°C.
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The fill time was 1.3 seconds, with a packing tiofi€5 seconds. The packing pressure was 4.1
MPa. The tensile bars were used as received feillédesting.
2.2.1.2. Testing Procedure

Mechanical tests were done in this work using ateghiTesting Systems model STM-20
tensile test frame. For a mechanical test at roemperature, the tensile bar was clamped
between the grips of the mechanical testing framgk tasted at a set crosshead speed to the
desired final strain, as programmed into an appatgtemplate in the Datum 4.0 software from
United Testing Systems. For a mechanical testeatagdd temperature, the sample was placed in
the lower grip of the tensile frame and held at tésting temperature for 60 minutes prior to
testing. The top grip was tightened 10 minutesrptaotesting. Once the full 60 minutes had
elapsed, the test proceeded in the same way deddabthe room temperature test.

For greatest accuracy at low strains, extensometeit be used for strain measurements
during tensile tests. In this study, both transy¥easd axial strains were measured, in different
tests, using extensometers purchased from Epsieshnblogy Corporation. The transverse
extensometer was a high-temperature compensatexhsexbeter, model 3575-025M-HT1,
which is a strain gaged extensometer with a seteicgerature range from -40°C to 150°C, and
a variable gage length, ranging from 0 to 25 mne @kial extensometer was a model 3542-
050M-035-ST, which is a strain gaged extensomefdr & service temperature range from -
40°C to 100°C and a gage length of 50 mm. Thisnsdmeter was used for measurement of
modulus at temperatures up to 145°C, which is dabépbecause the test duration is very short
and the extensometer provided a better measureafestrain than the crosshead position.
Whichever extensometer was to be used was placddearensile bar for the last 10 minutes of

holding at the test temperature before testing fwake. It is also important to note that the use
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of extensometers is only applicable at low straftshigher strains, above about 3% strain, the
extensometers give very good agreement with thenstralculated from crosshead position.
Additionally, the extensometers have a limited enfmotion, after which their strain readings
are erroneous. And finally, at strains above alb8at the axial extensometer causes the sample
to yield where it is attached while above about 1€fain, the transverse extensometer falls off
of the sample, possibly damaging the extensomiéterthese reasons, tensile tests that were run
to the yield point and beyond were done withoueegbmeters.

In testing soft materials, such as those testedisnstudy at elevated temperatures, there are
often several data points at the beginning of ailetest which are not indicative of the actual
properties of the material (67). If such pointssexa toe correction must be applied to the data
before any further calculations are done or anypgnties are obtained according to ASTM D638
(67). To make a toe correction, a straight lindravn through the linear portion of the curve and
extrapolated to the strain axis. The point of isgetion with the strain axis becomes the point of
zero strain, and the strain axis is adjusted aouglyd The stress axis is not affected by the toe
correction.

2.2.2. Differential Scanning Calorimetry (DSC)
2.2.2.1. Sample Preparation

To prepare samples for DSC, tensile bars were dooarth a razor blade along the lines
shown on the front surface in Figure 3, immerselund nitrogen for 10 minutes, and fractured
along the score marks. Samples of approximateljndQ@vere then cut from the fracture surface,
represented by the shaded volume shown in Figuen@®,sealed in aluminum pans for DSC
testing on a TA Instruments Q10 DSC.

2.2.2.2. Testing Procedure
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To mimic the conditions of the sample at the tifh¢he tensile test, DSC experiments were
done in a TA Instruments DSC Q10 with a 60 minuethermal step at temperatures
corresponding to those of the tensile tests. Thegptss were heated at 10°C/min to the holding
temperature, 130, 135, 140, or 145°C, held for @tutes at that temperature, and then heated at
1°C/min to 200°C. The entire DSC test was done witfitrogen purge of 50 mL/min.

2.2.3. Scanning Electron Microscopy (SEM)
2.2.3.1. Sample Preparation

Samples that were to be viewed in SEM were sprayiffd a compressed coolant for 15
seconds while still in the tensile frame to previestaxation after removal from the frame. The
samples were then removed from the tensile frandeallowed to come to room temperature.
The tensile bars were scored with a razor bladegatbe lines shown on the front surface of
Figure 4 and immersed in liquid nitrogen for 10 ates. The samples were removed from the
liquid nitrogen and fractured along the score mailte fractured samples were then mounted
on SEM stubs and sputter coated with osmium to ntlakesample conductive and to eliminate
charging during imaging. The shaded plane in Figunedicates the surface that was viewed in
the SEM.
2.2.3.2. Testing Procedure

The prepared samples were viewed on a JEOL JSM-8&B0 using an accelerating voltage
of 10kV. The stigmator coils were carefully adjustarior to each session in order to remove
astigmatism from the images. Care was taken todawoages too close to the edges of the
sample, which may have been altered during scaaimd) fracturing of the sample. For each
sample viewed, multiple images were gathered, afingn magnifications, to ensure that an

accurate portrayal of the sample was obtained.
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Figure 2: SEM image of glass flake particles ptoocompounding with PP.
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Figure 3 Schematic of DSC sample selection. The shadedrrégthe volume that was used

DSC testing.
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Figure 4 Tensile bar schematic for SEM sample preparafidre shaded plane is the ple
viewed with SEM.
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3. The Effect of Elevated Temperature on Stress-Sm Behavior
and DSC Curves

3.1. Introduction

The stress-strain behavior of a polymer or polyro@mposite can be described by five
regions on the stress strain curve. The first reggahe linear elastic region, where the stress is
proportional to the strain, and the slope of the s the Young’s modulus of the material (67).
Following the linear elastic region is the nonlinegastic region, where the increase in stress
becomes less and less with increasing strain [8W.maximum on the stress-strain curve is the
yield point, beyond which plastic deformation occ(88). Following the yield point is the neck
region, where the stress decreases with increasiaip, and a neck can be observed in the tested
specimen (69). After necking is the neck propagategion, where continued strain causes very
little change in the stress of the sample. In tbigon, fresh material is being drawn into the
necked region of the sample (68).

Polymer behavior is affected by temperature. Evéhinvthe region between a polymer’'s
glass transition temperature and melting tempezatoehavior can vary widely. Particularly,
mechanical properties such as tensile modulus @eid stress decrease with increasing testing
temperature (7). Temperature has also been shoplaya role in determining yield strain (70)
and in the overall character of the stress-strairvec (8; 9; 12). Specifically, changes in
temperature bring about changes in the yield ardk peopagation areas of the stress-strain
curves (9; 12).

Additionally, annealing has been shown to affeet ttrechanical properties of polymers. In
tensile tests at room temperature, the elastic medaf isotactic polypropylene was improved
by annealing, and annealing at higher temperatace® greater modulus improvement (10; 11).
In similar tests, the yield strain has been founddécrease with annealing temperature (15).
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Annealing has also been found to increase the \s&lelss of polypropylene and affect the
behavior in the post-yield region by decreasing gtrain hardening rate (14). Annealing also
affects the temperature sensitivity of the yielthdogor of polypropylene; for annealed samples,
the yield stress is more sensitive to increaseghéeature than for unannealed samples (14).

Annealing affects the mechanical properties of pags because it affects the crystallinity
and crystal structure of the polymers. The effécrmealing on the microstructure of polymers
has been studied by many research groups; spdlgifiealarge number of studies have been
conducted on annealed polypropylene (13; 21; 2222325; 26; 27; 16). Crystallinity changes
are frequently identified by the presence of a lomelting temperature shoulder in the DSC
heating curves (13; 21; 22; 24; 16) similar to thegn for polymer crystallized isothermally at
temperatures near the melting point (28; 18).

It is generally agreed the mobility of the polyn@rains increases when the samples are
annealed at temperatures between the crystalliza¢imperature and the melting temperature
(26; 16). This increased mobility allows the polymibains to reorganize and rearrange (21; 28;
24; 16), which often results in an increase in allarystallinity (13; 21; 22; 24; 27; 16). It has
also been shown to lead to lamellar thickening @13;22; 23; 24; 25; 16; 28) and reduction of
crystal defects (21; 23; 16). However, it is impattto note that the secondary, lower melting
temperature peak represents crystals that are esmdflinner, and less stable than those
represented by the main, higher melting tempergbesk. The higher melting point peak has
been shown to be unchanged by the annealing progbgsh indicates that annealing does not
affect the more stable-crystals (16). Studies have also shown that loageealing times lead
to more increase in crystallinity (24; 27), but theeatest increase happens very rapidly, in

approximately the first hour of annealing (27).
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It is also well established and expected that teegnce of a filler will affect the stress-strain
behavior of a polymer. Addition of a filler par;lsuch as talc (71) or glass beads (30) has been
shown to increase the tensile modulus and dectbaseffective yield stress and yield strain of
the composite, as compared to the neat polymeer piarticles have also been shown to change
the character of the stress-strain curve in roonp&Fature tensile tests (30).

Because die drawing is done at elevated tempegtitrés imperative to understand the
behavior of the polymer composites tested at heghperatures after annealing at that same
temperature, without cooling. This work was desghbt@ mimic the processing conditions that
the material faces in the die drawing process.

3.2. Experimental
3.2.1. Materials

The polymer used for this work was a polypropyl&eenopolymer (5D37) with a melting
temperature of 166°C and a,Mf 249,400 manufactured by Dow Chemical Comparhye T
spherical glass particles were solid E-glass sgh@@0)0E) manufactured by Potter’'s Industries,
Inc. with a mean particle diameter of 35 micronke Glass flakes (REF-015) were made of E-
glass by NGF Canada, Ltd. with a mean particlettebgfore compounding of 10um, a mean
particle width of 6.0um, and a mean particle thickness ofufm and a wide particle size
distribution. The aspect ratios of the glass flpketicles before compounding ranged from 1 to
4, with a mode of 2. Neither the glass beads nasgyflakes had surface treatment to enhance
adhesion with polypropylene.

3.2.2. Processing
The polypropylene was compounded separately wighglhss beads and glass flakes in a

Farrel CP250 continuous mixer to obtain a fillefue fraction near 0.20 for each composite.
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Ash content tests indicated that the actual volfnaetion of filler was 0.16 for the flake filled
composite, and 0.19 for the bead filled composiike composites, as well as neat
polypropylene, were then injection molded into ASTM38 Type | tensile bars.

3.2.3. Mechanical Testing

Tensile tests were done on a UTS STM-20 tensile frasne equipped with a heating
chamber. For room temperature (23°C) tests, th&léebar was placed between the grips of the
tensile frame and tested at an initial axial straite of 1x1G s’ to the desired final strain of
approximately 0.4. For higher temperature (130°G H56°C) tests, the tensile bar was placed in
the lower grip of the tensile frame for 60 minutgsthe testing temperature. After 60 minutes
had elapsed, the top grip of the tensile frame tighgened onto the sample, and the test was
continued in the same manner as the room tempertgst. A toe correction was done on the
data from each test, which removed the first fewadaoints, which are typically not an
indication of actual material properties, and adigrihe linear elastic portion of the curve with
the origin [14]. A minimum of three mechanical testere done for each set of test conditions.
Values reported here are average values unlesswgbanoted as example values.

3.2.4. Differential Scanning Calorimetry (DSC)

Samples of around 10mg were cut out of the gage efean as-received tensile bar and
sealed in aluminum pans for DSC testing on a TArdmsents Q10 DSC. The samples were
heated at 10°C/min to a temperature of 130-145&@] for 60 minutes at that temperature, and
then heated at 1°C/min to 200°C. The entire DS® wess done with a nitrogen purge of
50mL/min.

3.3. Results and Discussion

3.3.1. Temperature Effects on Stress-Strain Curves
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The temperature dependence of mechanical propdaiethe neat polymer and the glass
flake and glass bead composites was investigatddtensile tests at 23°C, 130°C, and 145°C.
Figure 5 shows the results for the neat polymeelasing the temperature decreases the tensile
modulus and the yield stress, as expected. IttEsahe effect of broadening the yield region of
the stress-strain curve to a small degree, whialesponsible for a slight increase in the yield
strain of the PP at higher temperatures. The dvapplearance of the curves, however, remains
similar at the higher temperatures.

The results of the tensile tests at the differenmtgeratures on the glass flake composite and
the glass bead composite are shown in Figure G-ajuate 7, respectively. As with the neat PP,
increasing the temperature from 23°C to 130°C a#8°Q resulted in a decrease in tensile
modulus and yield stress. It is also clearer fer¢dbmposite curves than for the neat PP curves
that increasing the temperature induces an increase yield strain. The yield behavior for the
composites, as well as the neat PP, is summamz&dhle 1 for the three temperatures tested.

Turcsanyi, Pukanszky, and Tudos (72) related thetive yield stress of the composite,
oydoym Whereoy is the composite yield stress aigh is the matrix yield stress, to a constant
Bint, Which is related to the interfacial interactiogtween the filler and matrix. This is given by

Equation 4 (72):

7ve - 10 exp(Bis) @)

where ] is the volume fraction of the filler particles. i$hequation has been shown to apply to
particulate composites where the filler shape watsescal, short fiber, or platy (72). This

equation has been used widely to calcuBBgg for a given composite system in order to
characterize the strength of the interfacial irdtBom between the matrix and filler (73; 74; 75;
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76; 77). Higher values @t indicate a greater interfacial interaction betwéssntwo phases.
Using the values for the yield stress of the contpssnd the neat PP given in Table 1, values of
Bint were calculated for the flake composite and thedbeomposite and are shown in Table 2.
This shows that the interfacial interaction islfalow at 23°C for both composites but increases
significantly when the temperature is increaseti3o’°C or 145°C.

For the two composites, the most striking diffeeeietween the low temperature stress-
strain curve and the higher temperature curvelasoverall appearance of the curve. At 23°C,
the curve quickly reaches a maximum then slowlyekses, while at the higher temperatures,
there is a sharp neck region, followed by a leweknpropagation regiorfhis difference that
appears in the stress-strain curves can also Inebseebserving the tested specimens, as shown
in Figure 8. In this figure, the neat polymer sagspshow a necked region at all three
temperatures tested, while the composite samplabiero necked region for the samples tested
at 23°C and a necked region for the samples test280°C and 145°C. Figure 8 also shows that
for neat PP, stress whitening is observed on\B&€2and not at 130°C or 145°C, while the two
composites exhibit stress whitening at all thremperatures tested. The stress whitening is
observed throughout the gauge area of the specitestesd at room temperature, while the
composite samples tested at elevated temperatyhdsitestress whitening only in the necked
region of the specimen. Stress whitening occurstdwgazing and voiding when a specimen is
subjected to stress (78; 79; 80).

In order to better compare the changes in the cteraf the stress-strain curves at different
temperatures, the stress was divided by the yiebs This allowed all of the curves to be

easily compared on the same stress scale withoskingathe character of the high temperature
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curves. This is shown in Figure 9-Figure 11, fer tleat PP, the glass flake composite, and the
glass bead composite, respectively.

Comparison of these scaled curves amplifies tHerdifices between the neat PP and the two
composites. For the neat PP in Figure 9, the cuavesvery similar at all three temperatures
tested, while for the glass flake composite in Fegll0 and the glass bead composite in Figure
11, the appearance of the sharp neck region is prorainent at 130°C and 145°C in contrast to
the gentle slope of the curve for the test dorZSac.

Comparison of the onset of the neck propagatioronegf Figure 9 with those in Figure 10
and Figurell highlights another difference between the netdndd the two composite
materials. For all three materials tested, whexking and neck propagation are observed, the
neck propagation begins at a stress of around 70%eoyield stress. However, for the two
composite materials, the strain at the onset ok pegpagation is 0.16, while the onset of neck
propagation in the neat PP is nearly twice th&0.0.

It is also instructive to compare the stress-stcairves for the composite materials to those
of the neat PP. These are shown in Figure 12 aquard-13 for the flake and bead composites at
23°C, Figure 14 and Figurks for the flake and bead composites at 130°C,Fagdre 16 and
Figure 17 for the flake and bead composites at 145°C eatsely. These figures also contain
curves for the fully bonded and fully debonded cosies, which were calculated as described
by Meddad and Fisa (58). For the bead composiefully bonded curve is calculated from the
neat PP curve using the Kerner-Lewis equation,mgind€equation 5:

1+ ABg

Esc = Esmm

(5)
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WhereEg. is the composite secant modullsgy, is the matrix secant modulus, is the volume
fraction of filler, andA andB are as given in Equation 6 and 7.

_ 1—5v

- 8-10vy, (©)

B= E, (7)

In Equations 6 and %, refers to the Poisson’s ratio of the matrix &dndE,, refer to the
modulus of the filler and matrix, respectively. Ritwe fully debonded composite, the filler

particles are replaced with voidss € 0), and Equation 5 becomes Equation 8:

1-¢

_— 8
-y ®)

Esc = Esm

WhereB1 becomes equal to A/It can be seen from Figure 13, Figd'® and Figurel7 that
the curves calculated in this manner for the fbibnded bead composite fit the corresponding
measured composite curves at low strains. Howefar, the glass flake composite, a
modification to the Kerner-Lewis equation is neeegsn order to adequately fit the calculated
curves to the measured curves at low strains.Heoflake composite, Sudduth’s (81) concept of
“sphericity ©)” is used to account for non-spherical particlestie composite. Sphericity is
defined in Equation 9 (81):

_2a+1

s= )
2,5

Whereuq is the particle aspect ratio. A new paramedérreplacesA in Equations 5 and 7. For 1

<a<3.7,A’ is given by Equation 10:
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A=A.s3378 (10)

For the fully debonded flake composit, in Equation 8 becomes equal toA’l/An average
aspect ratio of 3.7 gave the best fit of the calmd fully bonded curves to the experimental
flake composite curves in Figure 12, Figure 14, Rigtire 16.

Examination of Figure 12 and Figure 13 indicatest tihhe experimental composite curves
coincide with the calculated fully bonded curves libngest at 23°C, indicating the slowest onset
of significant debonding at this temperature whempared to 130°C and 145°C. The composite
curves in these figures also cross over the cwwéhke neat PP at a low strain, which indicates
that the loss of the reinforcing effect of thedillhappens most rapidly at this temperature.
Finally, the composite curves in Figure 12 and Fegli3 also cross over the calculated fully
debonded curves at a low strain, approximately lelguine yield strain of the composite curve.
This indicates that significant void growth occurshe composites tested at room temperature
by the time the composite has reached yield.

Examination of Figure 14 and Figure 15 shows thatdomposite curves deviate from the
calculated fully bonded curve at a lower strail2@°C than at 23°C, so the onset of debonding
occurs sooner at 130°C. The bead composite curMéigure 15, crosses the neat PP curve just
after yield while the flake composite experienceserstrain before losing the reinforcing effect
of the filler. For both composites at 130°C, thenposite curve crosses over the neat PP curve at
a higher strain than at 23°C or 145°C. This indisahat the loss of reinforcement caused by
debonding is slowest at 130°C of all three tempeesttested.

Examination of Figure 16 and Figut& indicates that the composite curves deviate fien
calculated fully bonded curve very soon after @ starts, which indicates a very rapid onset of

debonding at 145°C. The composite curves are aey slightly above the neat PP curves at any
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given strain before they cross over, which occurfsidy low strain before the composite yield
point. This shows that at high temperature, therfdoes not have much reinforcing effect at all.

By comparing Figure 12-Figuré?, it is clear that the loss of reinforcement esconost
rapidly at 23°C and most slowly at 130°C for botbmposites. Comparison of the flake
composite curves in Figure 12, Figure 14, and Eidu#, with the corresponding bead composite
curves at each temperature in Figure 13, Figureabl, Figure 17 reveals that for a given
temperature, the loss of reinforcement proceed® slowly for the flake composite than for the
bead composite. This is most evident at 130°Cjdaiso true at 23°C and 145°C.
3.3.2. Effect of Annealing on DSC Curves

In order to match the conditions of the tensildegssamples as closely as possible, DSC
tests were done with a holding step at the temsggng temperature. In these tests, the samples
were heated at 10°C/min to the holding temperahele for 60 minutes at that temperature, and
then heated at 1°C/min through the melting poihie Tesults of these tests are shown in Figure
18 for the neat PP, Figure 19 for the glass flabmmmosite, and Figure 20 for the glass bead
composite. For Figure 19 and Fig#®e, the heat flow was adjusted to account for guot that
there were both polymer and glass in the samplerefare, the weight fraction of polymer was
used to adjust the heat flow to be in watts pemgad polymer instead of watts per gram of
sample. For comparison, an example DSC meltingectowthe bead composite with no holding
step is shown in Figure 21. The DSC melting cufeeshe neat PP and the flake composite with
no holding step are similar in appearance to thatvs for the bead composite in Figure 21.

All three materials show that after the holdingoste lower melting point peak appears in the
DSC curve. Also in all three materials, this peakdmes more pronounced with increasing the

holding temperature. All of the holding temperaguire this study were within the broad melting
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range of the unannealed samples, so before thengatép, some of the smaller, thinner crystals
in the samples had melted. So, as the holding teatype increased from 130°C to 145°C, a
greater portion of the crystals in the samples edettrior to the holding step. During the holding
step, the mobility of the polymer chains was insezghdue to the higher temperatures. Therefore,
the polymer chains were able to rearrange duriadhtiiding step and form crystals of a size and
thickness that would melt just above the holdinggerature. The increase in prominence of the
lower melting point peak in the DSC curves withreasing temperature indicates that the
polymer chains become increasingly mobile as thepezature increases, and therefore more
rearrangement is possible at higher temperatut@s. additional rearrangement results in more
crystal formation at higher holding temperatureliclv produces the more prominent peaks.

Comparing the neat PP curves with those for thed@mposites shows that the increase in
prominence of the lower melting point peak is gee&br the composites than for the neat PP. In
other words, as the holding temperature incredlsegeaks become more prominent for all three
materials, but this increase in prominence is grefr the composite samples. There is also
virtually no difference in the DSC curves for theotcomposite samples, indicating that the
shape of the particulate filler has no effect oa tearrangement of the polymer chains during
annealing. Additionally, Figure 18 through Figug® show that increasing the holding
temperature has no effect on the location of tijadr melting point curve. This is in agreement
with literature showing that annealing has no effat the already very stable crystals that are
responsible for the main melting peak in the DSve(16).

The DSC curves can also be used to determine te¢ &¢ crystallinity in the sample by

using Equation 11 (82):
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AH ¢ -100

Xc

Wherey is the total crystallinityAHs is the heat of fusiome0 is the equilibrium heat of
fusion of a 100% crystalline sample, amg, is the mass fraction of polymer in the composite
(82). The heat of fusion of 100% crystalline potypylene was taken as 207 J/g (17). The mass
fraction of polypropylene in the glass flake compo#as 0.64, in the glass bead composite was
0.59, and in the neat PP was 1.0. Equation 11 wed to calculate the percent crystallinity in
the neat PP, glass flake composite, and glass dmagosite, both for unannealed samples and
samples annealed at 130°C and 145°C. The resultésofalculation are shown in Table 3. The
standard deviation in these calculated values T860crystallinity. This standard deviation
indicates that differences between samples of dneesmaterial annealed at 130°C and 145°C
are insignificant. However, differences betweeneated and unannealed samples of the same
material are significant. This shows that annealesylted in a slight decrease in the crystallinity
of the neat polymer, while an increase in crystdili was seen for the two composites. A
decrease in crystallinity would be expected dua¢éofact that prior to annealing, a portion of the
crystals in the samples had already melted. Howekerpresence of the secondary peak in the
DSC curves indicates that recrystallization tadasgduring annealing. These results show that
the presence of the fillers allows for greater levef recrystallization during the annealing
period in the composites than in the neat PP.
3.4 Conclusions

Comparison of stress-strain curves for the compediv those for neat PP and calculated
fully bonded and fully debonded curves indicateat the onset of debonding occurred at a lower

stress and strain for higher temperatures thanldeer temperatures, but that the loss of
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reinforcement proceeded more slowly at elevateghésatures, with the slowest progress seen at
130°C. This type of comparison also showed thatltlss of reinforcement proceeded more
slowly for the flake composite than for the beadnposite when the two composites were
compared at a given temperature. Additionally, riatgal interaction between the filler and
matrix in both composites, characterized by thestamtBj;, was shown to be much greater at
the higher temperatures of 130°C and 145°C th@3«t.

Temperature affected the behavior of neat PP sanufierently than glass flake and glass
bead composite samples. Although increasing teryrerlad the expected results of decreasing
the modulus and yield stress and increasing thiel wain of all three materials tested, the
overall character of the curves was affected difidy for the neat PP than for the composites.
The general shape of the stress strain curves weasame at 23°C, 130°C, and 145°C for the
neat PP, with a broad neck region followed by a&rgopagation region. However, for both
composite samples at 23°C, no neck region wasettizhile at 130°C and 145°C, there was a
very sharp neck region followed by the neck propiagaregion. The strain at the onset of the
neck propagation region for the neat PP was néarte that for the two composites.

Additionally, DSC results showed that increasing #mnealing temperature from 130°C to
145°C increased the prominence of the lower melpioigt peak. The increased prominence of
this peak was greater for the two composite sanipias for the neat PP. Calculation of the
percent crystallinity from the DSC curves indicathdt the presence of filler particles allowed

for more recrystallization during annealing for ttenposites than for the neat PP.
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Figure 5: Temperature dependence of stress-stuanes for neat PP.
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Figure 7: Temperature dependence of stress-stuanes for glass bead composite.
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Table 1: Yield stress and yield strain at varicersperatures for neat PP, glass flake composite,
and glass bead composite.

Material Temperature (°C) Yield Stress (MPa) Yield Strédn (
Neat PP 23 29.6 11.9

130 5.6 14.4

145 4.3 12.6
Flake-filled 23 20.9 55

130 55 8.1

145 4.2 8.8
Bead-filled 23 18.1 5.6

130 51 7.1

145 4.0 7.5
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Table 2: Calculated interfacial interaction paraandi,:, for flake composite and bead
composite.

Temperature (°C)

Bint, Flake Composite Bint, Bead Composite
23 1.02 0.57
130 3.08 2.66
145 3.05 2.77
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Figure 8: Tensile bars after testing to a straifd.df Left to right: neat PP, 23°C; neat PP, 130°C;
neat PP, 145°C; flake composite, 23°C; flake corntpo$30°C; flake composite, 145°C; bead
composite, 23°C; bead composite, 130°C; bead coitepdd5°C.
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Figure 9: Stress-strain curves for neat PP witlesstrscaled by vyield stress to allow for
comparison of the character of the curves.
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Figure 10: Stress-strain curves for glass flake mmsite with stress scaled by yield stress to
allow comparison of the character of the curves.
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allow comparison of the character of the curves.
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Figure 12: Flake composite and neat PP curve®fwile tests at 23°C with calculated fully
bonded and fully debonded curves.

43



2Cc -
40 - -
35 F -7
e
30 | .7
Ve
< 25 F
o
é 20 i .eeessesesessnenienneiiinn
w | ——
7 N I I e
© 15 F ) _F e
? ——Neat PP
10 ——Bead Composite
5 -= = Fully Bonded
------ Fully Debonded
O [ ] [ ] [ ] L ]
0 0.02 0.04 0.06 0.08 0.1

Strain

Figure 13: Bead composite and neat PP curvesrsilégests at 23°C with calculated fully
bonded and fully debonded curves.
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Figure 14: Flake composite and neat PP curve®fwile tests at 130°C with calculated fully
bonded and fully debonded curves.
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Figure 15: Bead composite and neat PP curvesrisilégests at 130°C with calculated fully
bonded and fully debonded curves.
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Figure 16: Flake composite and neat PP curve®fwile tests at 145°C with calculated fully
bonded and fully debonded curves.
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Figure 17: Bead composite and neat PP curvesrisilégests at 145°C with calculated fully
bonded and fully debonded curves.
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Figure 18: DSC melting curves for neat PP aftedingl at various temperatures.
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Table 3: Average percent crystallinity of samplkesteéd in DSC.

Neat PP Flake Composite Bead Composite
Unannealed 43.2 44.5 43.7
130°C 42.2 46.6 48.4
145°C 41.0 47.0 48.6
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4. Debonding Stress at Elevated Temperatures

4.1. Introduction

When a particulate composite is subjected to dléessess, there is a critical stress at which
the interface between the matrix polymer and theiquéate filler will fail, or debond.
Debonding in polymer matrix composite materials asn the subject of many studies. Many of
these studies have focused on debonding of sphéeeal fillers through experimental studies
(38; 39; 41; 37; 42; 43; 40; 44), and through depeient of theoretical models (47; 48; 49; 45;
46; 50). Fiber fillers (51) and aligned platele@g) have also been studied to a lesser degree.
These studies have generally been done at roometatope, not near the melting point of the
polymers. Debonding around spherical beads has bédely studied because the particles
themselves cannot be oriented, making the maisaabpic. For bead shaped fillers, debonding
is initiated at the poles of the particle in theedtion of stretch, where interfacial stress is
concentrated. For excellently adhering spheres,déi®mnded region initially encompasses an
area of about 15° from each pole, while for poaudrered spheres, debonding covers a region of
about 60° from the pole (38; 50). As the stretchingontinued, the void grows and encompasses
a greater portion of the bead, up to about 60° feah pole (38; 39; 47; 37; 50). It has also been
established that larger beads require less stressteain to debond than smaller beads (39; 45;
46). The larger particles debond more readily ttrensmaller particles because debonding of
large particles creates more new surface areaddlaonding of small particles, and thus releases
more energy (39; 45). In fact, composites with $rbehds may reach the macroscopic yield
stress before the beads have debonded (39), walilending has been observed to occur well

before yield for larger particles (41).
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For aligned short fiber reinforced polymers, wheerssile stress is applied to the composite
in the direction of the fibers, the interfacial ahstress is the greatest at the fiber ends, wdrieh
the first to debond. Upon increasing the tensilesst the debonded portion will increase along
the length of the fiber from both ends. The growflthe voided regions continues until the fiber
breaks, or, if the fiber length is less than thi¢éical value, the growth of the voided regions
continues until the entire fiber is debonded (84/th short fibers the effect of neighboring
particles on stress concentration at the fiber énhdegligible; however, for aligned platelets the
stress concentration at the ends of the platelet tduneighboring particles is much more
significant (64).

Debonding at elevated temperature must be takendotount for processes such as die
drawing, in which the composite is stretched avatked temperatures below the melting point.
At room temperature, different methods have beed ts experimentally detect debonding. One
method is to measure acoustic hits, or the higijueacy sound emitted when the filler debonds
from the matrix. The range of deformation over whitebonding occurs can be determined, but
this method has not worked well for composites vétlbroad particle size distribution (41).
Volume strain measurements have been used by magitine slope of a volume strain versus
elongation curve. When the slope increases, dehgridis occurred (42; 48; 60; 6R).situtests
have been done, in which the specimen is stretéheténsion with observation by light
microscope (43; 47) or scanning electron microsc&iyM) (66). In these tests, the onset of
debonding is observed visually. Finally, analydithe stress-strain curve has been used to detect
debonding (39). The stress-strain curve exhibits limear portions of differing slope, giving a

kink in the linear region of the curve, which inglies the onset of debonding. This method was

55



chosen to evaluate the onset of debonding at lgtpeératures in this study, using transverse
strain rather than axial strain.
4.2. Experimental
4.2.1. Materials

The polymer used for this work was a polypropyl&oeenopolymer (5D37) with a melting
temperature of 166°C and a,Mbf 249,400 manufactured by Dow Chemical Comparhe T
spherical glass particles were solid E-glass sgh@@00E) manufactured by Potter’'s Industries,
Inc. with a mean particle diameter of 35 micronke Tlass flakes (REF-015) were made of E-
glass by NGF Canada, Ltd. with a mean particlettebgfore compounding of 10um, a mean
particle width of 6.0um, and a mean particle thickness ofuf and a wide particle size
distribution. The aspect ratios of the glass flpketicles before compounding ranged from 1 to
4, with a mode of 2. Neither the glass beads nassgflakes had surface treatment to enhance
adhesion with polypropylene.
4.2.2. Processing

The polypropylene was compounded separately wighglhss beads and glass flakes in a
Farrel CP250 continuous mixer to obtain a fillefuwoe fraction near 0.20 for each composite.
Ash content tests indicated that the actual volfnaetion of filler was 0.16 for the flake filled
composite, and 0.19 for the bead filled composiibe composites, as well as neat
polypropylene, were then injection molded into ASTM38 Type | tensile bars.
4.2.3. Mechanical Testing

Tensile tests were done on a UTS STM-20 tensile ftasne equipped with a heating
chamber. To determine debonding stress, a highdmhpe compensated transverse

extensometer, model 3575-025M-HT1, from EpsilonHhetogy Corp. was used during the
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tensile testing. To determine the tensile moduluthe matrix polymer, an axial extensometer,

model 3542-050M-035-ST, from Epsilon Technology [Caas used. For either test, the tensile
bars were loaded into the tensile frame and hettieatest temperature for 60 minutes prior to
testing. The appropriate extensometer was placethenensile bar for the last 10 minutes of

holding at the test temperature. Tensile tests Weye done at an axial strain rate of 13%]@1

to the desired final strain. A toe correction wasie on the data from each test, which removed
the first few data points which are typically notiadication of actual material properties (67). A

minimum of three mechanical tests were done foh et of test conditions. Values reported

here are average values unless otherwise notechagpke values.

4.2.4. Differential Scanning Calorimetry (DSC)

Samples of around 10mg were cut out of the gauga af an as-received tensile bar and
sealed in aluminum pans for DSC testing on a TArlmsents Q10 DSC. The samples were
heated at 10°C/min to a temperature of 130-145&@ for 60 minutes at that temperature, and
then heated at 1°C/min to 200°C. The entire DS wess done with a nitrogen purge of
50mL/min.

4.3 Results and Discussion
4.3.1. Debonding Stress Measurement

In order to determine the amount of applied stregsiired for debonding, mechanical tests
were done with injection molded tensile bars oftipedypropylene, polypropylene filled with 19
vol% glass beads, and polypropylene filled withvi# glass flakes at temperatures of 130,
135, 140, and 145°C at an axial strain rate of 1%(9[6. Transverse strain vs. stress curves were
obtained because the transverse extensometer ssmsldenaging to the sample than the axial

extensometer, and was less likely to cause anosnalithe strain vs. stress curves that were not
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indicative of actual properties of the materialinggested. Example transverse strain vs. stress
curves for the glass flake composite are showr#&oh temperature in Figure 22. The analogous
curves for the glass bead composite are shownguar&i23. For comparison, an example axial
strain vs. stress curve for the glass flake contpa@di 145°C is shown in Figure 24, along with
the corresponding curve for neat polypropylenghtntransverse strain vs. stress plots in Figure
22 and Figure 23, as well as the axial strain wess plot for the composite in Figure 24, there
are two linear portions of differing slope, cregtim kink where the two linear portions intersect.
The transverse strain vs. stress curve for 145°Eigare 22 shows a kink at 0.166MPa, while
the axial strain vs. stress curve for the composité&igure 24 shows a kink at 0.165MPa,
confirming that the kink occurs at a similar stresgardless of whether axial or transverse strain
is measured. In contrast to the composite cunfes,neat polypropylene curve in Figure 24
shows only one linear portion, and therefore ndkin

The average debonding stresg) (dentified for each composite at each temperagigiven
in Table 4, along with the matrix modulus,{) at each temperature. For both composites, the
debonding stress decreases with increasing teruperaas expected due to a decreasing
modulus.
4.3.2. Stress Balance

The applied tensile stress required for debonduyg,needs only to be large enough to
overcome the net stress that exists in the sampleeanterface between the particle and matrix
before stretching. The stress in the matrix atinterface determines when the interface fails, or
debonding occurs. In these composites, the intaifatresses in the matrix include adhesive
stress €a) and residual stressg). In both composites used in this study, the aglbestress is

compressive in the matrix, and the residual stisessnsile in the matrix, which is in agreement
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with Harding et al. (43). Because the adhesiverasiiual stresses in the matrix act in opposite
directions, the applied debonding stress need ex¢ssarily be of the same order of magnitude
as either the residual or adhesive stress indillidua

Residual stress is a result of cooling the sampmn fthe processing temperature to room
temperature when the sample is molded, and camsed by differences in the coefficient of
thermal expansion or induced by crystallizatiort tiurs as the material cools (83). The matrix
and filler have different coefficients of thermakpansion, which results in differential
contraction on cooling. The more rigid phase, is ttase the glass particles, will dominate and
will not allow the matrix to shrink as much as ibwld if unconstrained. This results in a tensile
stress in the matrix. When the temperature inceeaBeve the glass transition temperature of the
polymer, the thermal residual stress in the amarphghase relaxes (84). However, because
these tests have been run below the melting tertyperaf the composite, there are still
crystalline domains. Therefore, the residual stressthe composite is primarily due to
crystallization, and thermal stress in the amorghahase is ignored. This assertion is backed up
by DSC tests run after holding the composite sampteelevated temperatures from 130°C to
145°C. An example is shown in Figure 25, wherestimaples were held for 60 minutes at 130°C
or 145°C during the test, and each curve exhibiteeond, lower melting point peak. The
appearance of a second peak in the DSC curvesatedithat rearrangement of the polymer
matrix takes place during the holding step. Thigrnangement allows for the relaxation of
thermal residual stresses, and also indicatesatlgitional crystallization takes place during this
step. The total crystallinity in the sample, whishresponsible for the residual stress in the

sample, has been calculated from Equation 12:
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AH ¢ -100

xc

Wherey is the total crystallinityAHs is the heat of fusiome0 is the equilibrium heat of
fusion of a 100% crystalline sample, amng, is the mass fraction of polymer in the composite
(82). The heat of fusion of 100% crystalline potypylene was taken as 207 J/g (17). The mass
fraction of polypropylene in the glass flake comfmsvas 0.64 and in the glass bead composite
was 0.59.

The results of these tests, shown in Table 5, atdithat the crystallinity is nearly constant
for both composites over the range of holding tenaipees used in this study. The effect of
viscoelastic relaxation is ignored in this casee Tésidual stress is calculated as described in
Hsueh, and Hsueh and Becher for the bead filledoosite (85; 86). The relevant equations are
listed in Appendix A. The residual stress cannotaleulated from available equations for the
flake filled composite.

There is also adhesive stress between the matdXiller, which is acting in the opposite
direction of the residual stress; compressive @rtfatrix in this case. The adhesive stress at the
instance of debonding is calculated using an enéajgnce which has been developed for

composites with spherical fillers (45; 46) andieg in Equation 13:

(13)

where op, is the elastic stress in the matrix that balaramisesion Ey, is the matrix modulus
measured from tensile tests at elevated temperaturihe neat matrixAVy is the debonded

volume, Wy, is the work of adhesion between the matrix ardrfitaken as 0.050 J%nﬁS?),ASd

60



is the debonded surface argais the volume fraction of particles, amds a function of the
volume fraction and aspect ratio of particles. #ar case of the glass beads, the Kerner-Lewis
equation, as defined in Equations 5-7, was used, fahile for the glass flake composite, the
Kerner-Lewis equation had to be modified using $umidld concept of “sphericity”, defined in
Equation 9 (81). In order to determine the averaggect ratio of debonded particles, SEM
images were examined. The length and thicknessaxicjes debonded from the matrix were
measured, and the volume-weighted average aspiecivas determined to be 5.4. For the flake
composite, the Kerner-Lewis equation is given bydtmpn 14:

1+ A'B'
Ec = Eml——B'¢¢ (14)

WhereE andE, are the composite and matrix modulijs the volume fraction of filler, and for

an aspect ratio of 5.4y andB’ are given by Equations 15 and 16:

A= A-2.04925%637 (15)
E
e L
B'= Efm (16)
—+A
Em

WhereA is as defined by Equation $is as defined by Equation 9, akgis the filler modulus.
Inclusion of the factof (df/d[)'l/2 in Equation 13 accounts for the presence of maltipl
filler particles in a particle composite, which leawverlapping stress fields. For the flake
composite in this work, this factor has a valud. @2, while for the bead composite, this factor
has a value of 1.22. This indicates that the prseh multiple filler particles has much more

effect on the calculated adhesive stress for the bemposite than for the flake composite.
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Particle shape can be taken into account in Equdi®with the expressions fa/g and
ASy. Beads, for example, have&sy/AVy of 6/R sindy) whereR is the radius of the bead afg
is the debonding angle, while flakes ha®/AVy of 4(14 + 1A + 1£), wherel, w, andt are the
length, width, and thickness of the particle. Theflects the fact that debonding occurs all
around the flake particles. To calculai&y/AVy for the two composites, the particle dimensions
were determined from examination of SEM imagesaiairig debonded particles, such as that in
Figure 26. The length and thickness of the padiclauld be measured using the scale bar in the
image. However, the width dimension could only Istineated from visual examination of
particles such as that in the lower right corneiFigfure 26 where all three dimensions were
visible, but the third dimension could not be meadubecause it was not in the plane of the
image. Volume-weighted average dimensions weraméaied, which led tAASy/AVy values of
5.9x105 m'1 for the flakes and 2.1xf(m'l for the beads. While temperature is not explicitly
present in Equation 13, the matrix modulus is ddpehon temperature. As expected, tensile
tests on neat matrix have shown that increasingeihmperature causes the matrix modulus to
decrease, as shown in Table 4. The work of adhesanalso be dependent on temperature, but
is expected to be a much weaker function of tentpera

The calculated adhesive and residual stresseshéobéad filled composite are shown in
Table 6. The adhesive and residual stresses atkeofame order of magnitude, while the
debonding stress, shown in Table 4, is an orderaghitude less. The calculated adhesive stress
for the flake filled composite, also shown in Tables of the same order of magnitude as that
for the bead filled composite, but is higher dua taigher value oASy/AVy. As shown in Table

4, the debonding stress for the flake filled conijgois also of the same order of magnitude as
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that of the bead filled composite. The residuatssiris expected to be of the same order of
magnitude for the two composites as well.

Stress amplification around the particles and geéomend material properties of the
components of the composite must be taken intowentdn the stress balance across the interface
(40; 44). Figure 27 shows the debonding stress &snetion of adhesive stress for both
composites. A straight line fit to the data for r@omposite gives aan/alue of greater than
0.9 for each composite, indicating that the debogdiress is a fairly linear function of adhesive
stress. The slope of the line for the bead fillechposite is 0.14, while that of the flake filled
composite is 0.12, indicating that the stress dination at the interface of the particles is highe
for the flake filled composite. Both lines have egative intercept, which is associated with the
presence of the tensile residual stress at thdacts and is in agreement with Harding et al (43).
The line fit to the data for the bead filled comipesas an intercept of -0.03, while that for the
flake filled composite has an intercept of -0.1hisTindicates that the residual stress plays a
greater role in debonding in the flake filled corap® than in the bead filled composite. This can
be explained by the fact that flake particles aiiented to a great degree in the direction of
stretch, so the residual stress at the interfacetlee same direction as the direction of strekich.
contrast, the bead particles are not able to @, so the total residual stress at the interfac
would have to be resolved into components to deterrthe residual stress in the direction of
stretch (43).

The ratio of debonding stress to adhesive strepotted in Figure 28 as a function of the
ratio of residual stress to adhesive stress. Tigigd clearly shows that the ratio of debonding
stress to adhesive stress is invariant with the odtresidual stress to adhesive stress. Figure 28

also highlights the fact that the debonding stiesn order of magnitude lower than either the
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residual stress or adhesive stress. This figureodstrates both the fact that the applied stress is
amplified at the interface between the matrix dherf and that the debonding stress is a greater
function of adhesive stress than residual stress.
4.4. Conclusions

The onset of debonding in both composites was iftleohty a kink in transverse strain vs.
stress curves from tensile tests. Adhesive stredgitwo composites was an order of magnitude
larger than the stress required for debonding,cattig that there is residual stress in the
composites, even at elevated temperatures. Resgltgds calculations for the glass bead
composite confirm that the residual stress is ef $hme order of magnitude as the adhesive
stress. Comparison of the debonding stress to tinesave stress for the two composites
indicates that the residual stress must be gréaténe flake filled composite, and that the stress
amplification at the particle-matrix interface igegter for the flake composite than for the bead

composite.
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Table 4: Matrix modulus and applied stress for delragy at each testing temperature.

T(C) Em (MPa) od (MPa)

Flake-filled Bead-filled

130 226 0.216 0.224
135 198 0.189 0.201
140 177 0.161 0.187
145 140 0.150 0.169
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at 130°C and 145°C for 60



Figure 26: SEM micrograph of fracture surface aifsglflake composite stretched to 0.3% strain
at 0.2in/min at 130°C.
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Table 5: Percent crystallinity in each compositieraholding at elevated temperature for 60
minutes.

T(°C) Crystallinity (%)
Flake-filled Bead-filled
130 46.6 48.4
135 46.9 48.3
140 47.4 49.3
145 47.0 48.6
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Table 6: Adhesive stresses in both composites esidual stress in the bead-filled composite at
the instance of debonding.

Flake-filled Bead-filled
T(°C) op (MPa) op (MPa)  oR(MPa)
130 2.62 1.66 3.34
135 2.46 1.56 2.92
140 2.23 1.47 2.66
145 2.07 1.31 2.08
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Figure 27: Debonding stress as a function of agthestress for the flake-filled and bead-filled
composites.

73



0.12 r

O 1 1 1 ]

0 0.5 1 1.5 2
or/ox

Figure 28: Relationship among residual, adhesind, @ebonding stresses for the bead-filled
composite.

74



5. Summary

One objective of this work was to investigate thimperature dependence of the stress-strain
curves of neat polypropylene and two polypropyleomposites, one containing glass flakes and
one containing glass beads. This is important lscalie drawing takes places at elevated
temperatures just below the melting point of théyper. This was done by comparing stress-
strain curves from tests done at 23°C, 130°C, &%¥Q for the three materials. Comparison of
stress-strain curves for the composites to thasadat PP and calculated fully bonded and fully
debonded curves indicated that the onset of dehgnatcurs at a lower stress and strain for
higher temperatures than for lower temperatures,thmt the loss of reinforcement proceeds
more slowly at elevated temperatures with the sébweogression seen at 130°C for both
composites. This type of comparison also showetithigaloss of reinforcement proceeded more
slowly for the flake composite than for the beadnposite when the two composites were
compared at a given temperature. Additionally, riat@al interaction between the filler and
matrix in both composites, characterized by thestamiBjn;, was shown to be much greater at
the higher temperatures of 130°C and 145°C tha34t.

Temperature was also shown to affect the beha¥ioeat PP samples differently than glass
flake and glass bead composite samples. Althougheasing temperature had the expected
results of decreasing the modulus and yield staeskincreasing the yield strain of all three
materials tested, the overall character of theesuwas affected differently for the neat PP than
for the composites. The general shape of the sstezim curves was the same at 23°C, 130°C,
and 145°C for the neat PP, with a broad neck refptiawed by a neck propagation region.
However, for both composite samples at 23°C, nd megion was noticed, while at 130°C and

145°C, there was a very sharp neck region follolbsethe neck propagation region. The strain at
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the onset of the neck propagation region for that i was nearly twice that for the two
composites.

Additionally, DSC results showed that increasing #mnealing temperature from 130°C to
145°C increased the prominence of the lower melpoigt peak. The increased prominence of
this peak was greater for the two composite sanipias for the neat PP. Calculation of the
percent crystallinity from the DSC curves indicathdt the presence of filler particles allowed
for more recrystallization during annealing for temposites than for the neat PP.

Finally, debonding was studied by measuring trarsev/estrain during tensile tests at
temperatures of 130°C, 135°C, 140°C, and 145°CHerglass flake composite and the glass
bead composite. This allowed for determinationhef effect of temperature on debonding as
well as the effect of the filler shape. The ondetebonding in both composites was identified by
a kink in transverse strain vs. stress curves fremsile tests. Calculated adhesive stress in the
two composites was an order of magnitude largen ttie stress required for debonding,
indicating that there is residual stress in the posites, even at elevated temperatures. Residual
stress calculations for the glass bead compositéroothat the residual stress is of the same
order of magnitude as the adhesive stress. Comopaofthe debonding stress to the adhesive
stress for the two composites indicates that thelual stress must be greater for the flake filled
composite, and that the stress amplification aptrécle-matrix interface is greater for the flake

composite than for the bead composite.
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Appendix A — Calculation of residual stress in beadilled composites

Residual stresses in the matrix at the interfad¢h wifiller particle may be calculated with
the following equations for a composite with spbaifillers, detailed in Hsueh (85), and Hsueh
and Becher (86). A schematic representation ofntbeel used for the equations is shown in

Figure 29.

In a semicrystalline polymer, the residual stress ¢ontributions from thermal shrinkage due
to cooling a sample from its processing temperatareoom temperature, as occurs during
injection molding, and from crystalline shrinkageedo the formation of crystals. This is shown
in Equation 17.

OR = ORthermal T O Rcrystalline (17)

Where oR is the residual stressgr thermalis the residual stress due to thermal shrinkage, a
ORcrystalline IS the residual stress due to the formation gétefs. If the strain in the sample is

caused by thermal shrinkage, it is given by Equati®.

gm—8p=(am—ap)AT (18)
Where¢ is the straina is the coefficient of thermal expansiofl is the temperature change
over which the thermal shrinkage took place, amdsilbscriptsn andp refer to the matrix and
particle, respectively. If the strain in the samigecaused by crystal formation, it is given by
Equation 19.

gm—gpzl(%— j (19)
c
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Wherey is the crystalline fraction of the sampteis the density, and the subscriptandc refer

to the amorphous and crystalline portions of the matrix, ctispéy. Although the quantity
palpc is expected to change with temperature, this change is ibégligver the range of
temperatures used in this study (25). The values for {fstatline and amorphous densities are

taken as 0.95 and 0.85, respectively (88).

For a composite with spherical fillers, the residual stressentatrix at the interface (r=a) is

given by Equation 20.

_ _S[29+1
w3 ) =

Where, ¢ is the volume fraction of the filler particles, given by Btpra21, andSis the mean

normal stress inside the inclusion, and is given by Equaion 2
3
a
o=(2) @y

wherea is the radius of the particle, ahds the radius of the cell, as shown in Figure 29.

S_ [gm_gpj

(22)

1 .01 1,1 ¢
3Kp 4Gml-¢ 3Kpyl-4¢
WhereK is the bulk modulus, as given in Equation 23, &id the shear modulus, as given in
Equation 24. In Equations 23 and #is the tensile modulus, ands the Poisson’s ratio.

E
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Figure 29 Schematic of model system used for residual sitakulations for spherical fille
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Appendix B — SEM micrographs for samples quenchedithe linear elastic

regime at low strain rate

After testing in a tensile frame, the pattern of debondingratgarticulate fillers is notably
different between bead filled composites and flake fillethmosites. Specifically, in flake filled
composites, debonding occurs all around the particle, amsinoFigure 30, where a glass flake
particle is debonded from the polypropylene matrix araalhdisible edges. This image is from
a sample that was stretched to 0.3% axial strain at 150¢%QreF30 also shows that the
orientation of the flake particle does not affect the portiothefparticle that debonds. Thus,
regardless of the orientation, the debonded surfaca@redume ratioASy/AVy, is the same. In

this caseASy is equal to twice the particle’s debonded surface area.

In comparison, in bead filled composites, debonding ociuttse poles of the patrticle in the
stretch direction, as shown in Figure 31, where a glaskibetebonded from the polypropylene
matrix at the horizontal poles of the patrticle, but remainglbédrat the vertical poles of the
particle. This image is from a sample that was stretched % &<l strain at 150°C. Figure 31
shows that the largest particle, in the center of the imagea ltebonded region 40° from the

pole. This is within reason from known values from roomperature tests (38).

Renner et al. (41) have stated that at room temperaturendialy cannot be seen in SEM
images for samples that have not been stretched beyornyieltiestrain due to relaxation after
removal from the test frame. Figure 30 and FigBieare well below the yield strain, yet
debonding is clearly seen. This is likely due to the teclenigged after stretching, where the
samples were quickly cooled to below room temperaturerde@moving them from the test

frame, which prevented relaxation.
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Strikingly, this pattern persists even at higher levels ofrstiieensile tests were stopped at
larger strains in order to determine how the morphologygdthmvith increasing strain. Figure
32 shows a fracture surface of a glass flake compsaitgle that was stretched to 1% strain. In
this image, the largest flakes are again debonded alongsdtiaé angles relative to the stretch
direction. Conversely, Figure 33 shows a glass bead asitepsample which was stretched to
5% strain. Even when stretched to five times higher stragnbétad fillers are not debonded all
around, which is in agreement with previous literature fordbidéed composites at room
temperature (38; 39; 47; 48; 50). Figure 33 shows thatatstain, the debonded region

encompasses up to 50° from the pole.

Figure 30 and Figur82 indicate that the extent of debonding, or debonded does, not
progress much with increasing strain from 0.3% to 1% f#effltke filled composite, because the
entire surface debonds initially. Figure 31 and FigBehowever, show that the debonded area
does increase for the bead filled composite with increasiag $tom 0.3% to 5%, which agrees
with published room temperature data (38; 39; 37; 47; 49)ré-i§fiand Figur83 also show an
interesting phenomenon not previously discussed in literafine.bead filler particles do not
always debond symmetrically. In some cases, both pokeslelvonded, while other particles
show debonding at only one pole. This is observed in M images from literature (60; 62;
66), specifically for strains well beyond the yield stra#@;(66). In some cases, debonding is
observed at both poles of a spherical particle, but is gleaske pronounced at one pole (60),
while other images in the literature (41; 47) show symmetriortibg around the spherical
particles. This observation could be due to geometric irrggetaof the spherical particles,

which could act as stress concentrators. This asymmetoy gean in the flake filled composite,
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which could be due to the greater surface roughnessvelstor the flake filler, which could

concentrate stress in more locations, thereby causingahtire surface area to debond.
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Figure 30: SEM image of a fracture surface of a gladseffilled polyproylene composite that
was stretched to 0.3% axial strain at 150°C.
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Figure 31: SEM image of a fracture surface of a glaasfited polypropylene composite that
was stretched to 0.3% axial strain at 150°C.
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Figure 32: SEM image of a fracture surface of a glage ftmmposite sample stretched to 1%
axial strain at 150°C.
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Figure 33: SEM images of a fracture surface of a glaasl lsomposite sample stretched to 5%
strain at 150°C at (a) low magnification, and (b) highegmifecation.
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Appendix C — SEM micrographs for samples quenchedtadigher strain at
varying strain rates

A study was done on the effect of strain rate on voidirtgwvard growth in the glass bead-
filled composite. In this study, samples of the glass bead-fdtedposite were stretched at
150°C with crosshead speeds of 0.2 in/min, 5 in/min, anid/in. For this composite, higher
strain rates lead to more debonded particles than lower sitasiwhen compared at 5% strain.
This is shown in Figure 34-FiguBs.

For the glass bead composite, samples stretched at 0.2 mgtronly show fewer debonded
particles at 5% strain than those stretched at 20 in/min, the amdalso smaller at the lower
strain rate. This shows that higher strain rates lead to wotdegrowth at the same strain than

lower strain rates. This is shown by comparison of Figidrand Figur&8.
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Figure 34: SEM image of bead composite sample stretchéd &ir&in at 0.2in/min at 150°C.
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Figure 35: SEM image of bead composite sample stretch€d &ir&in at 5in/min at 150°C.
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Figure 36: SEM image of bead composite sample stretchéd &ir&in at 20in/min at 150°C.
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4

Figure 37: 500x magnification SEM image of bead compositgkastretched to 5% strain at
0.2in/min at 150°C.

50 um
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Figure 38: 500x magnification SEM image of bead compositgkastretched to 5% strain at
20in/min at 150°C.
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