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Abstract of the Dissertation
Crystallization and Structure Relationship of Polydefin-based Polymers under Static and
Flow Conditions
by
Xiaowei Li
Doctor of Philosophy
in
Chemistry
Stony Brook University

August 2013

Polyolefins have played an important role inmlam society, partially due to wide
applications, such as their extensive use in pacgagms, cables, wires, bags, containers, and
appliances. Therefore, it becomes a worthwhile taélag to investigate and to improve their
properties, which can reduce cost and decreasetipollto the environment. Polyethylene (PE)
and Polypropylene (PP) take a large role in polymleroducts. They occupy more than half of
the thermoplastic market. They are semi-crystalpog/mers with a relatively high degree of
crystallinity. The crystal structure is an impottdactor that should be considered as they are
closely related to the material performance. Bbi ¢haracteritics of the starting material and
the processing steps have significant effects @nctlystal structure and subsquent materials

properties.



In this thesis, the crystallization and strueturelationship of polyethylene- and
polypropylene-based materials, including pure p@gnblend and copolymer, were studied.
In-situ Wide angle X-ray Diffraction (WAXD) and Small argK-ray Scattering (SAXS) were
performed during different processing steps, uader static and flow conditions. A single cell
heating stage was used for studying the statictafigation behavior of polyolefin-based
materials under different thermal conditions. Isothal crystallization of high-density
polyethylene/silica (HDPE-Si at different SiQ loadings showed that Siehaved as crystal
nucleus in the blend samples. Different instrumemse used to study the structural changes
during different processing steps. A specially gesd cross-slot flow cell device was applied to
generate extension-dominant flow and its influenoethe crystallization behavior of isotactic
polypropylene (iPP). A modified tensile stretchimgchine that allowed symmetrical stretching
of the film was used to investigate the structatenge during stretching and their relationship
with mechanical performance. lonic liquid (IL) amdtra-high molecular weight polyethylene
(UHMWPE) blend prepared by solution mixing showed s@nificant increase in the
elongation-to-break ratio. For propylene-1-octesnedom copolymers with higher octene content,
the elastic modulus and the vyield stress were dsert Then, they behaved more like

elastomers.
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Chapter 1. Crystallization of Silica-Filled HDPE Nanocomposite

1.1 Introduction

Polymer-based nanocomposites have attracted wigatiah in academic and industrial
research in recent years. The usage of inorgampoaents to modify polymers can effectively
influence organic polymers in different aspectghsas mechanical, thermal, electrical properties,
et al. These properties can be finely tuned furbhyechanging the component, composition and
processing method of the nano additions [1-5]. Camexgb with traditional blend composites, the
fillers in the nanocomposites have a much sma#egth scale and a higher surface area to
volume ratio. They can achieve enhanced effects wismaller amount of material, provided
that they can be dispersed uniformly. Besidesngtinteractions between the nano filler and the
polymer can produce new features that are notablaiin traditional composites.

High density polyethylene (HDPE) is one kind of wnfant polymers in industry that has
been used widely in different applications. Howewvetatively poor tensile toughness, impact
strength, and processing ability limit its applioat Imbedded inorganic particle fillers could
significantly improve the mechanical propertiestloeé composite [6, 7]. Silica is one kind of
filler that is widely used in the polymer composiide correlated research work of silica filled

polyethylene has been previously reported in tieediure [8-11].



Silica colloid is a random system that consistsaafontinuous solid network, forming a
fractal structure, and the structure can be stuthedising the small angle X-ray scattering
technique [12-14]. The fractal structure can begezed by a typical power-law decay region
in aqrange of £ >>q* >>a, where & is the characteristic length of the fractal stnuetanda
is the characteristic length of the primary paescl[15]. Silica or carbon black in the
nanocomposite has a self-similar network structwrer a large length scale and can also be
considered as a fractal network [16-19].

Silica particles have been used as fillers in rubbe plastic systems to enhance the
mechanical properties. The structure of silica wekwin the composite and the interaction
between filler-filler and between filler-polymer wWld be important to the macro-properties.
However, due to the complexity of the system amddifficulty on the characterization of those
micro structures, there remain many questionsrtbatl to be addressed, as the mechanism is not
fully understood. In semi-crystalline compositeteyss, the crystallinity of polyolefins, such as
that of polyethylene, is relatively high. Unlike morystalline systems, the fillers inside the
polymer may adsorb the polymer molecules and actrystal nuclei, which will have a greater
influence on the kinetics of crystallization, theystal structure, and the properties of the
composite. The influence of fillers on the crystation behavior of polyolefin has previously
been reported in literature [20, 21], mainly byngsthe DSC (Differential Scanning Calorimetry)
method.

In situ synchrotron X-ray scattering is a powerful tookdido study the evolution of crystal

structure by wide angle diffraction and inhomogéasion a macromolecular scale by small



angle scattering. However, the silica-filled HDP¥stem has been difficult to analyze in the
small angle region because of the combination griads from the crystals of polyethylene and
the silica network structure.

In this chapter, we mainly use time-resolved widgla X-ray diffraction (WAXD) and
small angle X-ray scattering (SAXS) to study theucural changes of HDPE and the silica
network under isothermal conditions. The silicdetll HDPE nanocomposite was prepared by
using the melting-blend method, where silica pletiavere pre-covered with a coupling agent
used for dispersion of silica particles in the HDRRtrix without agglomeration. The goal is to
investigate the role and the effect of silica netwon the structure and morphology of high

density polyethylene (HDPE) during isothermal cajtstation.

1.2 Experiment

1.2.1 Materials

HDPE and silica-HDPE nanocomposite samples werairsdd from ExxonMobil Chemical
Company. Weight average molecular weight,JMnd number average molecular weight,Y ki
HDPE was determined using the GPC method to be 2.2 g/mol and 1.54x 10g/mol,
respectively, with a polydispersity of 7.92. Siliasano particles were purchased from
Sigma-Aldrich with a particle size of 14 nm andfage area of 200 +/- 25%g. Before mixing,

silica particles were coated with a thiol-silan@gling agent, 3-mercaptopropyltrimethoxysilane,



by the solution method. The silica-HDPE nanoconteosias then prepared by extruding mixing
of the two components. A small amount of peroxidesvadded to start the thiol-ene reaction
between the chain end vinyl group of HDPE and thiel iof the silane coupling agent during
extrusion. Two different composition composites evgrrepared with varying silica weight

percentage of 2% and 5%, respectively. These areteld as HDPE-Si2% and HDPE-Si5%.

1.2.2 Measurements

Thermal properties of the samples were studiedguairPerkin-Elmer DSC 7 differential
scanning calorimeter (DSC) with a heating and cmphate of 10 °C/min under dried nitrogen
gas atmosphere.

The nanocomposite morphology was examined by sognelectron microscopes (SEM)
LEO Gemini 1550, which allowed for high resolutimnaging of surfaces and cross-sections of
solid materials. In addition, it was equipped wathEDS (energy dispersive X-ray spectroscopy)
system using an EDAX detector that provided infdraraon the elemental compositions at the
detecting area. For composite samples, they wese ffiactured in liquid nitrogen and then

sputter-coated with gold to avoid charging duritbgervation.

1.2.3In-situ X-ray scattering technique for the isothermal crysallization

of silica-HDPE composite

In-situ wide-angle X-ray diffraction (WAXD) and small-amgK-ray scattering (SAXS) were

used to characterize the isothermal crystallizatloehavior of HDPE and silica-HDPE



nanocomposites at the X27C Beamline, National Syriiadn Light Source (NSLS), Brookhaven
National Laboratory (BNL). The wavelength of thenelgrotron radiation was 1.371 A. A
charged coupled device (CCD, MAR-USA) detector wsed to collect 2D scattering/diffraction
patterns in real time. The CCD detector had a wieol of 10241024 pixels and each pixel size
was 158.44um. The typical image acquisition time was 20 sdach data frame, with 13.3 s
exposure time and 6.7 s data collecting time. Ereple-to-detector distance was 1782 mm for
the SAXS setup (calibrated with silver behenate) 525.8 mm for the WAXD setup (calibrated
with Al,O3). All X-ray images were corrected for backgrourwhtgering, air scattering, and
synchrotron beam fluctuations.

The isothermal crystallization experiment was penied in a single cell hot stage INSTEC
HCS600V with a precision temperature controller 0@ which is equipped with the
LN2-SYS liquid nitrogen cooling system. The hotggtdnad a temperature control of 0.1 °C, with
a heating and cooling rate of over 100 °C/min. Sheple was first melted at 170 °C for 5
minute to remove all residual stress and thermstiohy. The sample was then cooled to the
desired crystallization temperature at an approtemaate of -100 °C/min for isothermal
crystallization. During the isothermal processyatural changes of the crystal and silica network

were monitoredn situ by time-resolved WAXD/SAXS as described above.

1.2.4 X-ray Data Analysis

The quantitative analysis of crystallinity depencion the crystallization time was based on

2D WAXD patterns. The patterns were first corredmdbackground scattering, air scattering,



beam fluctuations, and Fraser correction (to coreginfor the distortion from the flat-detector
effect [22]). For isotropic WAXD patterns, 1D se@athg profiles were obtained by integration
along the scattering vector, expressed |és) =27zj;wl(s,¢)szsin¢d¢, where the Lorentz
correction was used to obtain the true mass digtab in the system. The areas of crystal peaks
and of an amorphous background peak were thenaedaby using the curve fitting method.
The crystallinity was obtained by dividing the swiarea of all crystalline peaks by the total
area. Due to the missing information in the higkeattering angle region, the “crystallinity”
obtained in this way should be called the “crystélf index”. This index value is less than the
true crystallinity value, but such a calculatiorulebstill be useful to study the general trend of
the crystallization process. It should be mentiotteat in the early stage of crystallization, the
crystallinity is relatively low and these data arecial in determining the crystallization kinetic
parameters by using the Avrami equation, whichhigws in the Results and Discussion part
below. According to previous study, the obtainegstallinity from the WAXD technique used
here has a detecting limit as low as 1% [23], dmd tan provide good precision on the
calculated results.

The 2D SAXS patterns were first corrected usingsidm®e method as the 2D WAXD patterns
mentioned above. The 1D curve was then obtainethtegration along the scattering vector
direction as1(s) :Zﬂj;wl(s,;/})sinqﬁdqﬁ. The lamellar spacing was estimated by finding the

position of the maximum scattering in the Lorentzrected SAXS profiles.



1.3. Results and Discussion

Before the isothermal crystallization experimehg thermal properties were characterized
by the DSC. The results are listed in Table 1.tvas$ found that the addition of silica into HDPE
decreased the melting temperature, probably cabgednperfections and less ordering of
crystals in the silica-HDPE composite. On the othand, the cold crystallization temperature
was increased, indicating that silica particles hmigehave like a nucleus during undercooling,

making the crystallization process to occur moglga

Table 1.1 Thermal properties of HDPE and silica-HHDf®mposites from DSC measurements

Silica content (%) ml°’C d.°C
0% 138.8 113.1
2% 133.3 Bl6
5% 132.9 Ho6

T (Melting Temperature) T (Cold Crystallization Temperature)

The isothermal crystallization of HDPE and thatsiiica-HDPE composite were performed
at 120 °C. The 1D WAXD curves of all the samplethatend of the crystallization process (400
s after reaching the experiment temperature) aosvishn Figure 1.1. It is obvious that the
polyethylene crystals in all three samples hadr#éfeection peaks of (110), (200) and (210)

located at the scattering vecgwalue of 2.42 ni, 2.68 nnt and 3.36 ni, respectively, in the



experimental scattering range. These are typidedateon peaks of an orthorhombic phase, and
the positions of these peaks are nearly the sanadl the samples, suggesting that the crystal
lattice parameters are nearly unchanged with tkigiad of silica, and that the silica component
could reside beside the crystals of polyethylerteer@ was no indication of the appearance of

silica crystal reflection peaks, as nano silicaipkes will be in the noncrystalline state.
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‘? 10,
@ (210) HDPE-Si5%
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=
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Figure 1.1 1D WAXD curves of HDPE and Silica-HDPR&rgposite for isothermal
crystallization at 120 °C for 400 s.

The evolution of crystallinity calculated from WAXDpatterns during isothermal
crystallization is shown in Figure 1.2. Silica-HDR&mposites showed higher final crystallinity
as the silica particles could act as nuclei. HDFR4Shad less crystallinity than HDPE-Si2%.
The possible reason for this observation will becdssed later. The crystallization kinetics of
polyethylene could be routinely studied by using #tvrami equation [24-26]:

X.(t) =1-expEKt")
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Figure 1.2 Evolution of crystallinity of HDPE andi&a-HDPE composite during isothermal
crystallization at 120 °C.

This function described the development of cryst#yl as a function of time. Since the
crystal volume fraction is usually less than 1 irseani-crystal polymer system,.Xould be

expressed as/_(t) /v (o , Wwherev(t) andv,(«) are volume fractions of the crystal at time t and

at infinite time (o). The crystallinity value could be obtained frohe tpeak fitting of WAXD
curves. K is the rate constant and n is the Avraxponent that describes the mode of
crystallization. The function could then be expegkas:

Ig{— |n(1—V°—(t))} — IgK +nlgt
V, ()

C

The Avrami exponent is the slope of the straigh Iby plotting Ig{—ln(l—%)} versus
V. (o0

C

Ig(t). Avrami plots of HDPE and silica-HDPE are shoin Figure 1.3. For semicrystalline

polymers, like polyethylene, Avrami plots show kmiey usually only in the initial stage,



followed by a deviation from linearity. The mostopable reason for this is the occurrence of
secondary crystallization [27-30]. Here, the twaggt crystallization phenomenon is also
observed. From the linear part in the primary @aigation, the Avrami exponent of HDPE and
HDPE-Si2% was calculated as 3.7 and 3.1, respégtiFer pure HDPE, the Avrami exponent
was close to 4, indicating a homogeneous nucleati@thanism during the isothermal
crystallization. While the value was close to 3HBDPE-Si2%, this observation was consistent
with the heterogeneous nucleation process. Theafitee result also showed that silica nano
particles could act as nucleating agents [20, Rat.HDPE-Si5%, the curve had fewer points in
the initial stage. It was reported that the X-ragtedmination of crystallinity had a lower
accuracy for short crystallization times [31]. Themary crystallization step was too fast in
HDPE-Si5% due to the high silica content, and itdmee difficult to study the crystallization
process. Therefore, the Avrami exponent was nautatied here. The Avrami exponent and also

the half-time of crystallization is summarized iable 1.2.
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Figure 1.3 Plots oflg[—ln(l—vc(t)/vc(oo))] versus Ig(t) for crystallization of HDPE and

Silica-HDPE composite.

Table 1.2 Crystallization kinetic parameters of HD&hd silica-HDPE composites

Silica content (%) Half-time of crystalliza Avrami exponent
t12 (S) n
0% 74 3.7
2% 65 13.
5% 83 --

Scanning electron microscope (SEM) images effthcture surface of silica-HDPE can
provide information about the silica morphology thle composite. No special structure was

found in pure HDPE (not shown here). For HDPE-S&%d HDPE-Si5%, the branched network
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morphology of silica is shown in Figure 1.4. Thoupgkse SEM images were taken under room
temperature, the morphology in the picture sho@dlgood evidence for the branched network
structure of silica in the nanocomposite. In thegmitked picture, the length scale of the branch
diameter was estimated as tens of nanometers,regemgnt with the original primary particle

size value.

Figure 1.4SEM images of Silica-HDPE nanocomposites: (a) HCE2R4 at 10K magnification,
(b) HDPE-Si2% at 30K magnification, (c) HDPE-Si5%18K magnification, (d) HDPE-Si5% at
30K magnification.

It is well known that in the filled polymer systelm increase in the filler concentration can
make the filler form a connected network structui@iault et al. [32] studied the dispersion of
silica in polystyrene matrix. In their study, thBpund that with a small silica volume fraction,

silica particles could gather into “primary aggresgd as finite size fractal clusters dispersed in
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the matrix, and with an increase in the silica eattthese primary aggregates would connect
with each other to form a continuous network. la tase here, it was difficult to conclude if the
silica particles would form a continuous networktire HDPE and how the silica structure
changed with increasing of silica loading. Butleast it was reasonable to assume that the silica
particles aggregated together and formed a sitboiEmched network structure.

Wide angle X-ray diffraction can provide the crystdormation of polyethylene. However,
there was no direct silica signal in the diffranticurve. The length scale of the silica structure
was larger than that of HDPE crystal. Small angiea)X scattering is a powerful tool that can be
used. SAXS curves of semi-crystal polymers haven leegensively studied in the literature and
the size of lamella crystal layer can be estimdteoh the curve. In the composite material, the
scattering intensity comes from the sum of the agyifior different components, or some new
structure from the interaction between two comptsein these situations, the analysis is
difficult as it is necessary to separate the sgredm the different components. To further
understand the influence of silica on the HDPE lanerystal structure during isothermal
crystallization, 1D integrated SAXS curves wereaite¢d. The results are shown in Figure 1.5,
with the curves being plotted with an offset fosiea viewing. For simplicity, only HDPE-Si2%
curves are shown for comparison. For the initiaXSAcurves in these samples, which were the
first frame taken after the samples reached 12@Cscattering intensity came from the sum of
silica structure and amorphous polyethylene, sinoecrystals were formed at that time
according to the WAXD patterns. It was found tha experimental curve of neat HDPE had

much less scattering intensity when compared withdilica-HDPE composite. Therefore, the
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scattering intensity of polymer was very small, dhd major signal was from silica network
structure in the nanocomposites. The scatteringriamt Q was calculated from the SAXS curve
and their dependence on time is plotted in Figuée The scattering invariant is obtained using
the follow expression [33]:

Q= J': | (s)s°ds
Due to the detecting range of SAXS, the integratadns is limited. The invariant Q is
proportional to the mean square density fluctuatian the system, reflecting all the
inhomogenities in the system within the detectingge. Hence, the value includes both the
signal from HDPE (mainly from the lamella crystatusture) and the silica network. It was
found that most of the scattering intensity wastgbuated from the silica network structure in
the silica-HDPE composite. As the crystallizatioegan, the Q value increased rapidly in the
initial stage due to the formation of crystals. &ftLlO0 s, it slightly increased and reached to a
plateau. The evolution trend was similar to thaease in crystallinity as shown in Figure 1.2.
This trend indicated that the increase of Q in thiéal stage was mainly caused by the
crystallization of HDPE. Though not quantitativelycould be found that the main trend of the
silica-HDPE scattering curves did not change, efmpthe occurrence of the lamella scattering
shoulder. It should be noted that if the silicanmtaed network collapsed and the silica particles
aggregated in a large quantity, the scatteringsitg should decrease. However, this was not the
case here. It would be reasonable to presume hbasilica network remained the same during
the crystallization process, or at least most ef ghica kept their structures, and only a small

portion of silica might collapse.
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Figure 1.5 Evolution of SAXS curves of HDPE and HBB8i2% during isothermal
crystallization under 120 °C.
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Figure 1.6 Evolution of scattering invariant for AB and silica-HDPE composite during
isothermal crystallization at 120 °C.

In all three samples, the lamella scattering peedie observed in the SAXS curves during
crystallization. However, the change in the curaesl also the appearance of the lamella
scattering peaks was more obvious in the pure HBdEple. In the silica-HDPE sample, only
small shoulders were observed during the isothemngdtallization process. Figure 1.7 (A)
shows the SAXS curves of three samples at 400 srenine samples had the highest degree of
crystallinity at that time. With the addition ofisa, the HDPE lamella peak became broader and
the peak position was more difficult to locate. Shias caused by the overlap of silica scattering
signals. The scattering peak position was estimageplottingIs® versuss, and the long period
of the lamellar structure was obtained by the isgeof the peak position. The long period
distance was almost the same in all three curvés avivalue of 31.2 nm. As it was presumed

that the silica network would not change during idehermal crystallization process, the silica
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scattering signal was separated from all the stagteurves by subtracting it with the first initia
scattering curve at the beginning of crystallizati®he obtained curves are shown in Figure 1.7
(B). A clearer view of the lamella scattering peakas acquired in the silica-HDPE composite,
and the scattering curves were quite similar to phee HDPE sample, suggesting that the
addition of the silica nanoparticles did not sigrahtly change the lamella structure of
polyethylene, or at least in the observed leng#besc

Based on all of the results above, it was possibleropose a model for the crystallization
process of silica-HDPE nano-composites. At highperatures, polyethylene was in the melt
state and the polymer chains were randomly digiibin the system. The silica particles also
formed a random branched network structure. Thedwoponents were mixed with each other.
When the system was in the undercooling conditiloa,silica particles could behave as nucleus
centers for the crystallization of HDPE. The cristiormed around the silica branch and the
silica network would mostly remain during the pregeConsidering that there was no significant
crystal lattice deviation with the addition of sdi the branched silica particle aggregates could
only exist in the amorphous region of the polyethg, and the lamella crystals formed in the
“holes” of the branched network. The effect of mud would help polyethylene to crystallize.
However, the existence of the silica network wodktrease the freedom of crystal growth.
When the silica content was relatively high, thanohed network became more condensed, and
there would be less space for the growth of crgséalen with the higher nucleus content. So
HDPE-Si5% had a slower crystallization rate andrelker final amount of crystallinity than

HDPE-Si2%. Figure 1.8 shows the schematic diag@arnthis process.
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Figure 1.8 Schematic model for crystallization dica-HDPE nano-composite (for illustration
of crystallization only, the sketch may not reflebe true length scale relationship of these
structures).

1.4 Conclusions

Silica-HDPE nano composite showed a different eflization mechanism from that of pure
HDPE. The silica particles inside the HDPE actedwsdeus centers for the crystallization of the
polymer component. HDPE-Si2% had the highest difizton rate and the highest crystallinity,
while the higher silica content (HDPE-Si5%) did fetor the crystallization.

The silica inside the nano-composite had a branchetivork structure. During the
isothermal crystallization process, the silica r@tastructure was almost unchanged and resided
inside the amorphous region of polyethylene. Theasparticles could act as nucleus centers to
favor crystallization, while the silica network widualso impede the growth of crystals. This

might be the reason for the lower crystallinityHtiDPE-Si5%.
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Chapter 2 . Uniaxial Stretching of Silica-Filed HDPE

Nanocomposites

2.1 Introduction

The use of fillers in polymeric systems has becameommon method in industry to
improve their properties or simply to reduce thetcén recent years, polymer nanocomposites
have attracted a great deal of attention in boddamic and industrial research fields. In these
new nanocomposites, the fillers inside usually havewuch smaller length scale and higher
surface area to volume ratio, with at least oneedision of the filler in the nanometer range.
According to the dimensions, the nano filler candpecified as nanoparticles, nanotubes or
nanosheets. Due to their high surface area to weltio, the filler inside the polymer can have
strong interactions with the polymer matrix anch#igantly influence the chemical and physical
properties of the composites. The reduction of filker size down to nanometric scale can
produce substantial enhancements in various piepewtith much less amount of materials
[1-8].

As stated in Chapter 1, silica particles can beduas fillers in polymers, such as
polyethylene and polypropylene, to improve the itensoughness, impact strength and
processing ability [7-12]. While the increased pearfance is observed, the true mechanism and
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the silica structure inside the polymer matrix, eindifferent external forces, are still unclear. In
this study, uniaxial stretching was carried out WDPE and silica-HDPE nanocomposites to
investigate the effects of filled silica on the s#@ performance. During stretchinm-situ
wide-angle X-ray diffraction (WAXD) and small-angkeray scattering (SAXS) were applied to
monitor the structural changes of the lamellar tatyand silica network in the composite under
deformation. Scanning electron micrographs (SEM)s wesed to obtain the morphology
information of the stretched HDPE and silica-HDRE&.this work, we aimed to study the
influence of silica particles on the crystal sturetof HDPE, the formation of the silica structure

during stretching and its effect on the mechamcaperties of nanocomposites.

2.2 Experiment

2.2.1 Materials

HDPE and silica-HDPE nanocomposite samples weraradd from ExxonMobil Chemical
Company. Two composites HDPE-Si2% and HDPE-Si5%epeepared along with the control

sample HDPE. The detailed information could be tbimChapter 1.

2.2.2 Measurements

TGA thermograms of HDPE and silica-HDPE were caldcat a heating rate of 20 °C/min

using a TGA 7 (Perkin-Elmer Inc.).
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The tensile properties of HDPE and its compositesevstudied using a modified Instron
4442 tensile apparatus. All the samples were fivsit-pressed into a flat sheet at 170 °C with a
thickness of 0.8 mm. The samples were then cutdotabbell shapes for testing, with a length
of 30 mm between the Instron clamps and a widtd aim. A constant deformation rate of 3
mm/min was applied to the specimen throughout #ferchation study under room temperature.
The stress and strain reported in this study wergneering stress and engineering strain
measured directly from the Instron apparatus.

The nanocomposite morphology was examined by ugisganning electron microscope
(SEM) LEO Gemini 1550, which allowed for high raesttdn imaging of the surfaces and
cross-sections of solid materials. The detailedrmftion could be found in Chapter 1.

In-situ wide-angle X-ray diffraction (WAXD) and small-amglX-ray scattering (SAXS)
were used to characterize the structural changePE and silica-HDPE nanocomposite
during stretching at the X27C Beamline, Nationaln&@yotron Light Source (NSLS),
Brookhaven National Laboratory (BNL). The beamlsetup and image collection condition
were similar to those stated in Chapter 1. All X-ienages were corrected for background
scattering, air scattering, and synchrotron beaictdhations.

Melt rheological measurements were performed byAaton-Paar stress rheometer MCR
301-Physica under nitrogen atmosphere. Beforentgspiolymers samples were premolded into
disk-shapes with a suitable thickness at 180 ‘Giil@mry shear measurements (frequency

sweep testes) were performed using a parallel piate diameter of 25 mm and gap of 1 mm
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under 180 °C. The chosen frequency range was 0GZB-fad/s. Constant strain amplitugte=(

1%) was applied in all measurements, within thedimviscoelastic limit.
2.3 Results and Discussion

Before the stretching experiment, TGA was employee@valuate the thermal stability of
HDPE and silica-HDPE nanocomposites. Figure 2.Ivshthermograms of these samples. From
the weight loss profiles, the filled silica impravehe thermal stability of HDPE in the
nanocomposites. The degradation temperature ofHBRE for 10.0 wt % weight loss was 368
°C. With increasing silica loading, the degradatimmperature was increased, and for
HDPE-Si5%, it was 396 °C for 10.0 wt % weight lo&&nerally, the incorporation of silica into
the polymer matrix will enhance thermal stabilifihe incorporated silica may form a network

structure and act as a heat barrier during decoibnpas
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Figure 2.1 TGA thermograms of HDPE, HDPE-Si2%, BiPE-Si5%.
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Simultaneous X-ray and tensile deformation measamgsnwere carried out at 25 °C. The
stress-strain curves for all three samples are showrigure 2.2. All the profiles show typical
tensile behavior of polymers. The yielding pointsvedearly observed in all samples at a strain of
about 10%. With the filled silica, the yield stréimgncreased from 24.0 MPa for neat HDPE to
26.4 MPa for HDPE-Si2% and 25.8 MPa for HDPE-Si3%higher silica loading did not show
a further increase in the tensile performance. &helution of the WAXD patterns for neat
HDPE and silica-HDPE composite did not show sigatffit difference. For simplicity, Figure 2.3
shows selected WAXD patterns of HDPE and HDPE-S&i%trains 10%, 30% and 100%..
From these profiles, the addition of silica inte tHDPE did not have an important influence on
the crystal structure during stretching. Under enticonditions, two strong reflection peaks were
observed in these patterns. They could be asctibede (110) and (200) diffraction peaks of
orthorhombic crystal phase of polyethylene. It isown that the monoclinic phase of
polyethylene may appear under deformation [13-18hile under the current experimental
conditions, no new diffraction peaks were foundvere too small to be detected in WAXD. The
phase transformation was not considered in thidystat strain of 10%, the orientation of these
diffraction peaks was still very weak. While atastr of 30%, (110) and (200) gradually moved
to the equatorial direction and became a two-ppattern at strain of 100%, indicating that the
crystals had a relatively high orientation. Thestajlinity of polyethylene during stretching was
calculated. Integrated 1D WAXD curves were sepdratgo different crystal peaks and an
amorphous background. The crystallinity of polydtihe was obtained from the ratio of the sum

of the integrated area of all crystal diffractiogajs to the total integrated area. The evolution of
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the calculated crystallinity of HDPE, HDPE-Si2% aiBPE-Si5% at various strains are shown
in Figure 2.4. Initially, the crystallinity of HDPE51.2%) and of HDPE-Si2% (50.4%) were
slightly higher than that of HDPE-Si5% (47.8%). Taddition of silica in the polyethylene
decreased the ordering of polymer chains duringtatyzation. With increasing strains, the
crystallinity of all three samples was graduallmased. This indicated the destruction of the
original crystals caused by the stretching forcesthains of about 40% to 60%, a decrease of
crystallinity reached a plateau value in all thsaeples, which did not change significantly upon

further stretching.
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Figure 2.2 Stress-strain curves of HDPE, HDPE-Sifih HDPE-Si5% at 25 °C
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Figure 2.5 Selected SAXS patterns of HDPE and HISPE4 at strains of 10%, 30% and 100%.

Different from WAXD patterns, SAXS of these samp#g®wed quite different scattering
patterns between the neat HDPE and silica-filledPEDSelected SAXS patterns for HDPE and
HDPE-Si5% at strains of 10%, 30% and 100% are shiowkigure 2.5. At low strain of 10%,
the SAXS profiles showed high isotropic scattefpagterns. When the strain reached to 30%, the
SAXS results showed off-axis four-point patternkisTwas clearly present in neat HDPE, which
indicated the tilting of lamellar crystals underfatenation. At high strain of 100%, the HDPE
sample showed a two-point pattern in the meridiagction, suggesting that lamella crystals had
high orientation and aligned perpendicular to thachine direction, while for HDPE-Si5%,
besides the lamellar scattering streak, a stroagesing signal appeared in the lower scattering

angle region. This signal is isotropic and is mflato the silica in the composite. Figure 2.6
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shows the integrated SAXS intensity profiles. FealmHDPE, the lamellar scattering maximum
was clearly observed at low strains. The scattepegk gradually decreased with increasing
strain and then became almost constant at highenst The decrease in intensity was due to the
destruction of the original crystals, which werentfied in the WAXD results. The SAXS
profiles of HDPE-Si2% and HDPE-Si5% were quite eliéint. The lamellar scattering peak also
decreased with increasing strain, while the intgnsas very weak when compared with that of
neat HDPE. There were large scattering signalhénlow scattering angle region, probably
caused by the silica network in the nanocompogsiite strong scattering intensity of the silica
network would lead to difficulty in detecting thenhellar peak. Another interpretation could be
that lamellar crystals had a less ordered struatartesed by the addition of silica, resulting in
weaker and broader scattering peak. In order taimbmore quantitative information on the
structural change during stretching, the scattemvgriant Q at various strains was calculated
from the SAXS curves. Figure 2.7 shows the strapethdence of invariants. The scattering
invariant was obtained by using the follow expresg#]

Q= J': | (s)s°ds
As has been stated in Chapter 1, the invariant @ pvaportional to the mean square density
fluctuations in the system. It should reflect tleattering signals from both lamellar crystals and
silica network. It should be noted from the Conmuasin Chapter 1, that most of the scattering
intensity came from the silica network in the namoposite. Therefore, the invariant of the
silica-HDPE should generally be larger than thathef neat HDPE and should increase with

increasinge silica loading. However, there wasgaiicant drop in all three samples on the
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invariant with further increase in the strain arte tinvariant finally reached a plateau.
Considering the position of the drop and its relahip with the WAXD results in Figure 2.4,
the invariant drop could be caused by the destmaif lamellar crystals. It is interesting to note
that the invariant was kept almost as a constafirdéend after the drop, suggesting that the
stretching force could have little effect on thkcai network structure, which was probably the

reason for the improved tensile performance irsihea-HDPE nanocomposites.
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Figure 2.6 Evolution of SAXS intensity profiles ¢y stretching: (A) HDPE, (B) HDPE-Si2%,
(C) HDPE-SIi5%.
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Figure 2.7 Invariants of HDPE, HDPE-Si2% and HDR&E/®&at different strains.

Scanning electron micrographs (SEM) of the tensildormed HDPE and its silica
composites (at strain of 400%) parallel to the itendirection are shown in Figure 2.8. From
Figure 2.8 (a), on the surface of stretched neaPH[there were many large elongated cavities
along the stretching direction. While in the sitideed HDPE, as shown in Figure 2.8 (b) and 2.8
(c), the number and size of cavities under the sstnaén became smaller. The results suggested
that the silica network structure could still existder deformation. The silica and polymer
matrix had good interfacial adhesion, resultingangher performance of nanocomposite in the

tensile test.
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Figure 2.8 Scanning electron micrographs of terd#formed composites parallel to the tensile
direction: (a) HDPE, (b) HDPE-Si2%, (c) HDPE-Si5%.

In the nanocomposite, the incorporation of fillearfxles can produce substantial
differences in the rheological behavior. Dynamiegirency sweep testes were performed on
HDPE and silica-HDPE composite at 180 °C. Figui@ shows the frequency dependence of
shear storage modulus (G’) of three samples. Fat HOPE, typical rheological behavior was
observed. For the silica-filled nanocomposite, s$t@age modulus showed similar trends in the
high frequency region. However, in the low frequenegion, the storage modulus increased in
the silica-filled composite. Similar results wertsca observed and reported in other filled
polymer nanocomposite systems [16-20]. In filledo@mposite, the storage modulus tended to
become frequency independent and a low-frequeratggull or pseudo-plateau could be present

under certain condition. This kind of solid-like Haior could be attributed to the strong
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interactions between nanoparticles and the polymedrix [3, 21, 22]. In the current system, the

storage modulus of silica-HDPE composites showssd tkependence at lower frequency, while

higher silica loading did not increase the G’ anytHer. In the composite, the primary silica

particles interacted to form aggregates which togretvith the polymer matrix to form a network

structure. Silica-silica particle interactions ohsithe network and silica-polymer interactions in

the system should play an important role in impngvithe mechanical properties of the

nanocomposite.
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Figure 2.9 Storage modulus (G") curves of HDPE, HEF2% and HDPE-Si5% (T = 180 °C).

2.4 Conclusions

Tensile experiments showed that the addition afesiiller in the high density polyethylene

enhanced the tensile performance. During stretchimgitu WAXD patterns did not show
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significant different features in the silica-HDPEB&nomcomposite, while from SAXS results,
silica-filled HDPE had a much stronger scatterintgmsity when compared with neat HDPE.
Based on the calculation of invariant values fronegrated SAXS curves, the scattering signals
could be contributed mainly from the silica enstién the silica-HDPE nanocomposite, the silica
primary particles aggregated together and formedtevork structure. This structure seemed to
be unchanged with increasing strain. TEM imagesatd that in the stretched surface,
silica-HDPE samples had fewer amounts and smalterss 0f elongated cavities. The storage
modulus of silica-HDPE samples also showed a leggemndence on frequency in the low
frequency region from dynamic rehological measurgasiprobably caused by the interactions

among the silica particles in the silica networkl éime polymer matrix.
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Chapter 3. Extensional Flow-Induced Crystallization in Isotactic

Polypropylene Melt

3.1 Introduction

Flow-induced crystallization of polymers has beeam important subject in polymer
processing. The applied flow could substantiallfluence the development of a precursor
structure, which would eventually dictate the finarphology and properties [1-5]. Polyolefins,
especially polyethylene (PE) and polypropylene (Riefupy a large part of the total polymer
production every year in the world and have wideliaptions in different fields. Therefore,
understanding the relationship between applied #oa formed precursor structure during the
early crystallization stage is essential in prawiduseful information to direct best processing
conditions for the desired products.

The well-documented shish-kebab structure is fotmde a fundamental form of the
precursor structure in the entangled polymer mallem an external flow field [6-10]. This
superstructure consists of a central fibrillar c(sleish structure) and disk like lamellar crystals
(kebab structure) that is perpendicular to thehshitie formation of this kind of morphology is
sensitive to the applied flow and also the intgngioperties of polymer, especially those long
chains in the melt. After decades of study, the timoaccepted theory right now is the
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coil-stretch transition. It was first proposed y@ennes in dilute polymer solution, in which the
hydrodynamic interaction between the stretchedrclaaid the solution was considered [11].
Later, Keller extended it in the molten polymerdgoroposed two critical conditions in the
coil-stretch transition [12-15]. Firstly, for monisgerse polymers, there exists a critical strain
rate £.. In polymer solution or melt, polymer chains wouwldly be stretched when the strain
rate exceeds a critical value. Besides, underedfilow rate, a critical molecular weight (M*)
exists, which means that in a polydisperse polysodution or melt, only polymer chains with a
higher molecular weight than M* could remain in gteetched state after flow, while the chains
with lower molecular weight will roll back into theoiled state without experiencing the
coil-stretch transition, because the higher mokeewight polymer chains have longer relaxation
times, which can help them keep at the stretchatet.sThe critical strain rate and the molecular
weight are influenced by each other. It is presumied their relationship could be expressed as
&, oc (M*)™7. An increase of strain rate would affect the caltimolecular weight. With higher
strain rates, more polymer chains would undergo db#-stretch transition. Accordingly,
polymer species with high molecular weight in aypd@perse melt or blend melt can play an
essential role in the formation of the precursoystal structure under flow. Muthukumar
simulated the flow-induced crystallization from alwion containing different chains and
showed that long chains could be stretched and finened the shish cores, while the short
chains aggregated as kebabs [16]. However, thelteegists a great deal of controversial
problems in the flow induced precursor structuree True process of coil-stretch transition and

the clear definition of the two critical conditiorsquire further investigation [17-21].
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There are different kinds of polymer processing hods involving the flow induced
crystallization, such as extraction, injection miotg fiber spinning, film blowing, etc. In each
method, the nature of the flow is different. Theession of polymer chains is highly dependent
on the nature of the flow. The applied flow fieltsly consist of both rotational and extensional
components. The extensional part will contributéhi® deformation of the polymer chain, while
the rotational part could make the chain roll bgekd-over-end tumbling of molecule) and
impede the stretching of polymer chains. Chu €3] 23] compared the polymer dynamics
under elongation flow and shear flow in a dilutéypeer solution. They found that under steady
shear flow, the mean fractional extension gradualtyeased with flow strength and finally only
approach 0.4 — 0.5. This differed remarkably frénva tase of pure elongational flow, where the
extension rises rapidly to a value close to thé dohtour length of the polymer chain. The
situation in a polymer melt is more complex dudhe interaction between molecules and the
surrounding matrix. Most of the studies on the fio@uced crystallization of a polymer melt use
shear flow to inspect the precursor structure & deformed polymer. In a simple shear flow,
theoretically it is thought to be composed by equaats of extensional and rotational component.
So, the commonly used shear flow is a weak defagrforce. It is unlikely to extend all the long
chains in the solution or melt and will not attaistable and strong stretched state. The usage of
extension or extension dominant flow could eliméat at least decrease the interference of the
rotational component. However, most of the expenitmeising elongation flow are performed
under dilute polymer solution. Extension domindoivf used in melt polymer crystallization

study is still rare [13, 15, 24]. There are diffgravays to generate extensional or extensional
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dominant flow. Recently, an apparatus based on dififed extensional rheometer device was
used to generate extensional dominant flow andudysits influence on polymer melt using
synchrotron X-ray scattering technique [25, 26]isTéevice was based on the SER equipment
designed by Sentmanat [27]. The SER device was asetpof a pair of drums on the bearing.
The rotation of drums would wind up the sampledixgon it and generate the elongation force.
It was capable to adjust the flow applied on thiymer at different strain and strain rate, and to
record the stress-strain curve simultaneously. Aerokind of modified elongational rheometer
that required smaller sample size and used a np& ¢f clamps to extend the sample was
developed [28]. A correlated work using this maehitas also been reported for the elongation
flow-induced morphological change of a diblock clypzer melt [29]. In this study, a custom
built cross-slot flow device was used. The mechangonstruction was different from the SER
equipment mentioned above. Dominant extensional ftmuld be generated at the central
location of two channels across the stagnationtpéimletailed description about the device has
been included in the experimental section belowis Kind of construction was used previously
for microscopy and rheometer [30, 31], and it cdoddused in a low viscosity polymer melt or
even polymer solution. Pure extensional flow cogéherate a stable stretched effect on long
polymer chains and will be a promising way to usthind the nature of the shish-kebab
precursor structure formation.

Studies of shear induced crystallization of polygylene and its copolymers and blends
have been previously reported extensively. In theent study, only one kind of isotactic

polypropylene (iPP) with a weight averaged molecwi@ight (Mw) of 330,000 g/mol was
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chosen to investigate the dynamic evolution ofgtrerursor structure under the extensional flow
condition by collecting thén-situ time-resolved small-angle X-ray scattering (SAXfj}terns.
The study was focused on the influence of extemsifiow on polymer at different strain rates
and strains. Previously, correlated WAXD experirsenwere performed to study the
crystallization behavior of isotactic polypropylefrem diffraction patterns [32]. The SAXS
scattering patterns will provide more informatidmoat the dynamic evolution of the shish and
kebab precursor structure, which can help undeistae mechanism during the extensional

flow-induced crystallization.

3.2 Experiment

3.2.1 Materials

Isotactic polypropyleneiPP) (M, = 330, 000 g/mol, polydispersity ~ 4.2, provideg b
ExxonMobil Company), was synthesized by using tleglér-Natta method and was used for the

experiments directly.

3.2.2 Instrumentation

The extensional flow was produced in a speciallsigleed instrument that contained a melt
feeding chamber and a cross-slot flow cell. A scit&grdrawing is shown in Figure 3.1. In the

feeding chamber, a motor-driven plunger was usettliver the polymer melt from the barrel to
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the cross-slot flow cell. The inner shape of therddavas cylindrical in shape with 260 mm in
length and 15.3 mm in diameter, which could stoneaaimum of about 48,000 niof polymer
melts. The plunger was controlled by a steppingamanhd could move at fixed speeds with a

precision of 0.1 mm/sec.

Stepping motor —»
|

< Barrel
X-ray u arre >
/

Beam

Plunger

Cross-slot | |
Ve
Flow cell \

' Detector

Figure 3.1 A schematic diagram showing melt feedimgmber and cross-slot flow cell.

The cross-slot flow cell was composed of three ggeaf metal blocks. These blocks were
composed of a pair of outflow channels (2 mm intdeggmd 2 mm in height) and could generate
extensional flow at the central location of the taltannels across the stagnation point. Figure
3.2 shows a schematic illustration. Two piecesiafrnd windows were attached on both sides
of the stagnation point (with Kapton films betweabiem) for synchrotron X-ray measurements.
Both the feeding chamber and the cross-slot flol amild be heated up to 300 °C, and the
temperature was controlled by a temperature cdetralith a thermocouple as the sensor. More

specific details of the instrument could also henid elsewhere [32].
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Feeding

Stagnation point

Figure 3.2 Schematic illustration of cross-slotfloell.

The strain rate of the extensional flow generatedhis cross-slot flow cell:, could be
calculated by using the following equatiog;%:% [31], whereQ is the volume flow
rate; S is the barrel areaj is the plunging speeding§ andD are the height and depth of the
outflow channels. According to the specific dimens of this device, the equation could be
simplified to £ =23.2-v s™.

In-situ SAXS experiments were performed at the Advancdgniers Beamline (X27C), the
National Synchrotron Light Source (NSLS), BrookhavMational Laboratory (BNL). The
wavelength of the synchrotron radiation was 1.371Td acquire the dynamic evolution of the
precursor structure, a charged coupled device (Q@BR-USA) detector was used to collect

the 2D scattering patterns. This CCD had a resmiutif 10241024 pixels and each pixel size

was 158.44im. For the SAXS setup, the sample-to-detector wigtavas 1969 mm calibrated by
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silver behenate. All X-ray images were correctedfackground scattering, air scattering and

synchrotron beam fluctuations.

3.2.3 Experimental procedure

Before testing, samples were first heated to 210wikich was sufficiently higher than its
equilibrium melting temperature, for 5 min to rerecany memory effects of prior thermal and
mechanical histories. The melts were subsequemihyed to the experimental temperature of
163 °C, with a cooling rate of 3 °C/min. After hisid for 3 additional minutes, the extensional
flow was applied to the sample. The temperature thas maintained for one hour for SAXS
data collections. The data acquisition time was Hhnd the data storage time was 5 s for each
image collection. The strain rate dependence amihstlependence tests were performed. For
strain rate dependence tests, the chosen stramwatre ¢ =0, 4.6, 8.1, 11.6, 23.2 and 34% s
with a fixed duration timegt= 15 s. For strain dependence measurements, ch$ixain rate &
= 23.2 & was chosen, and different strains were obtainedaiplying the flow at different
duration times,st= 0, 5, 10, 15, 20 and 25 s, and the strains wer®, 116, 232, 348, 464 and

580, respectively.

3.3 Results and discussion

In the quiescent melt (strain rat& = 0) and at low strain rateg (= 4.6 and 8.1, the

SAXS patterns exhibited only diffused scatteringtfiees throughout the experimental period,
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typical images foiPP samples without an ordered structure and peefarientation. After the
applied flow rate exceeds 11.8,@n oriented precursor structure was formed. Bigu8 shows
the selected 2D SAXS patternsiBP after applying extensional flow at various stnates (a)
11.6 (b) 23.2 (c) 34.7'sfor 15 s. With high strain rates (b) and (c), atsring maximum
appeared in both the equatorial and meridian destimmediately after the cessation of
extensional flow, which was an indication of théskhand kebab precursor structure [33, 34]. At
a lower strain rate (a), an oriented structure ajgeeared after 200 s of applying the flow. In all
the patterns, the scattering intensity gradualigraased with time, especially for the kebab

structure in the meridian direction.
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Figure 3.3 Selected 2D SAXS patternsiBP collected after flow cessation with strain rate:
(a)11.6, (b) 23.2, and (c) 34.7 for 15 s.
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In order to examine the time evolution of differenimponents of the oriented structure and
their relationship, the scattered intensity of BHisnisy and of kebabs {lha) Were separated by

integration with following expressions:

|uon=27[ [0 1(5,¢)s? singclsa

0.018;

lawm=27[ o [ 1(.4)S* singdsay
The intensity of shish is obtained by integrati@ing the signal with a polar angle from 50° to
90°, while for kebabs it is from 0° to 50°. Thisncaeparate well the shish and kebab scattering
signals in these SAXS patterns. The integratedevalas similar to the scattering invariant, but
the integration boundary was from 0.018 hio 0.52 nrit due to the limited detecting range.
This value could reflect all the mean square dgrikittuations in the system, including crystal,
other ordered structures, and amorphous phaseobtagned Jhisn and kenan cOuld be used to

guantitatively estimate the amount of shish andake$tructure. A schematic diagram for the

calculation of integrated SAXS intensity of shistd&ebab structure is shown in Figure 3.4.

Kebab

/ (Ikeban) \

N ﬁhls;,\ {,
shish) = e

Figure 3.4 Schematic diagram for calculation okgnated SAXS intensity of shishyf) and
kebab (lepay Structure.
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Integrated results of scattering patterns withistrates of 11.6, 23.2 and 34.7 are shown
in Figure 3.5. The intensity of the shish entitcreased steadily in the beginning of the
experimental period. However, the increasing trewarly stopped after 500 s and became
almost constant in all the plots at different floamtes. While for the kebab structure, except for
the sample with 11.6sstrain rate, the scattered intensity increased ugdhd throughout the
whole experimental period. The formation of theshistructure was a faster process than that of
the kebab structure, in agreement with previousli®gshat stretched long chains would first
form the shish core structure, followed by the cital folded coiled chains, which would
compose of the kebab structure [33, 34]. The eiaudf the oriented structure (for both shish
and kebab structures) evidently depended on tlenstate of the elongation flow. Adopting
Keller's theory, the formation of a precursor stare was closely related to the coil-stretch
transition of polymer chains under the flow. With strain rates § = 4.6 and 8.0Y, no
oriented structure was formed, since the applieadrstates were lower than the critical vafye
When & =11.6, 23.2 and 34.7's £ > &,, the applied extensional flow became strong enough
to keep a certain amount of long chains in thetdtezl state even after the cessation of flow.
The stretched chains would form the shish core arfisequently the lamella kebab structure.

The critical strain rate valu&, was within 8.0 and 11.6S.
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Figure 3.5 Evolution of scattered intensity fromsbhand kebab imPP after flow at different
strain rates: 11.6, 23.2 and 347 s

To further inspect the relationship between shisth kebab structures, the ratios @fuds
and Lhsnwere calculated and plotted in Figure 3i&salflshishincreased with time under all strain
rate conditions. This finding was reasonable adogrdo the coil-stretch transition theory.
However, the ratio ofidnadlshish Showed a different evolution trend with differexgplied strain
rate, especially at the low strain rate of 11’6 where jepadlsnish became much smaller when
compared with the other two conditions after 500Aspossible explanation is provided as
follows. A strain rate of 11.6swas relatively small and might be insufficient tengrate
enough amounts of stretched long chains. It wolioh ttake a longer time to form nuclei from
the stretched chains, and consequently could ntatificult for the coiled chains to adsorb on
the nuclei to form a kebab structure. In other wgortthe scarcity of nuclei would impede the

growth of the kebab structure and finally theddlsnish Value in 2500 s was significantly less

51



than that at high strain rates, while the evolutdbtyenadlshish Was very similar at different strain
rates of 23.2 and 34.7*sand the final value at 2500 s was almost the sarggesting that the
amount of kebab related to each unit of shish edriat a saturated state at the end of the

experiment time.
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Figure 3.6 Ratios of scattered intensityefddlsnisy from shish and kebab PP after flow at
different strain rates: 11.6, 23.2 and 347 s

Figure 3.7 shows selected 2D SAXS patternd#, after applying the extensional flow, at
various times and different strains (a) 116 (bB 3d) 580 (same strain rate 23.2 with
different duration time 5, 15 and 25 s). The t@pplied strain on the melt along the outflow
stream could be estimated by the equatienr: flzé-t-dtzé-ts, where § is the flow duration
time. At high strainsg(= 348 and 580), the oriented shish and kebabtsteiformed at the very
early stage and the scattering intensity of theakgtart increased with time. While for the lower

strain € = 116), the oriented precursor structure did muggear first. Until at 500 s, a weak
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scattered signal was detected in the meridian titre@nd even at 2500 s, the scattering signal
from the oriented structure was still not very sgoThere was no obvious crystal reflection peak
detected in the WAXD patterns at low strain valoé416 and 232, as shown in our previous
experiment [32]. The results from SAXS and WAXD eeel inconsistent. It should be noticed
that SAXS was more sensitive than WAXD in detectingered structures, providing that it had
sufficient electron density difference with the reunding environment. The scattering intensity
was proportional to the volume fraction of the sedestructure, as well as the density contrast
between the ordered structure and the surroundiagip(the amorphous matrix here). These
ordered structures might not necessarily form atafystructure. WAXD could only detect X-ray
diffraction from well-ordered crystal structures.this case, the appearance of a scattering signal
in the SAXS pattern indicated the existence of ecprsor ordered structure after flow. This
observation was not contrary to the conclusion iobth from WAXD experiments. The
precursor structure could form under strain raéegdr than the critical strain rate,, while a
certain amount of time (critical strain) would becessary for these precursor structures to form
crystals, explaining why the scattering signal whserved in the SAXS patterns but not in the

WAXD patterns foliPP with strains of 116 and 232.
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Figure 3.7 Selected 2D SAXS patternsgfP collected after flow cessation with strain: X4,
(b) 348, and (c) 580.

The evolution of the scattered intensity from shasid kebab entities PP after applying
the extensional flow at different strains of 11@83and 580 are plotted in Figure 3.8. The
calculation method was the same as the strainrdegiendent experiment as shown in Figure 3.4
and Figure 3.5. The shish structure mainly gendratehe first 500 s, while the kebab structure
grew steadily during the experimental time. Thigmpdmenon was also observed in the strain
rate dependent experiment as shown previously. Meryvéhe situation at the highest strain=(
580) was different. The increasing trend of thettscad intensity from the kebab structure
ceased after 500 s, which was quite similar tolbthieavior of the shish structure. It seemed that
the amount of kebab structure became saturatedsimog time period when applying flow at
high strain. Figure 3.9 shows the ratio of scatténéensity (kepadlshisy at different strains. The

plot for the highest straine (= 580) showed abnormal behavior agawwal{lshish increased
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quickly before 500 s, and then stopped and everedsed slightly to a level much smaller than
the value at strain = 348. Considering the coil-stretched theory, ssfie explanation could be
that with high strain flow, a sufficiently long tenduration would favor the orientation of all
stretched polymer chains with molecular weightgdathan the critical value Min other words,
most of the long chains could be stretched and lesnaof these parallel chains would form the
primary nuclei and grew to the shish core structloag the flow direction. The applied flow in
a relatively long time (25 s) helped the stretchbledins to complete this thermodynamic process.
With most of these stretched chains form the slaistities, the scattering intensity of shish
structure at high strairg € 580) was much higher than that at low strainditions, as shown in
Figure 3.8. Thus, a lesser amount of stretchedhshaere relaxed back and a lesser amount of
coiled chains were available to adsorb on the stusé to form the kebab structure, and finally,

the kebab scattering intensity reached a platebue cpiickly during the crystallization process.
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Figure 3.8 Evolution of scattered intensity fromsbhand kebab imPP after flow at different
strain: 116, 348 and 580.
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Figure 3.9 Ratios of scattered intensityefddlsnisy from shish and kebab PP after flow at
different strain: 116, 348 and 580.
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The intensity of scattering patterns can providamgative information of the ordered
structure, while the intensity distribution of SAX@&tterns reflects the dimensional information
of ordered structure (shish and kebab entitiesyeHdne Ruland streak method was applied to
estimate the kebab diameter. This method wasifitedtduced to analyze the equatorial streak
feature of polymer and carbon fibers in the SAX8qua [35, 36]. Since this method basically
relies on the separation of size and orientati@tribution effects on the scattering width, it
could also be applied to the meridian streak iras#ng the average kebab diameter, <D>, and
its misorientation in the shish-kebab structurel¢amg as the kebab diameter and orientation is
finite)[37]. If all the azimuthal distribution ohe scattering pattern is modeled by a Lorentzian
function, the observed azimuthal integral widthd{am) of the strealB ., the average kebab

diameter, <D>, and the azimuthal width due to misorientatioB, will have following

relationship:

B,ys(S) = i +B

(D)s *
If all the azimuthal distributions have Gaussiapressions, then the relationship becomes:
2
B(fbs(s) = [ﬁ} + B¢2
In this study, it was found that a better fit wddained with the Lorentzian function for all of the

azimuthal distributions. Thus, based on the plw, glope, D>, was the inverse of the kebab

diameter and the intercef,, was the misorientation. A typical example of gralysis for the

polypropylene with applied extensional flow (stra@te of 23.2 4 and duration time of 15 s) at
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200 s is shown in Figure 3.10. From the plot, thneated Kebab diameter at 200 s was about

198 nm with a misorientation WidtB¢, of around 0.3.
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Figure 3.10 Plot of integral width B,.) versus reverse of scattering vectors)1for

polypropylene at 200 s after an applied extensitioel (strain rate 23.25and duration time 15
s). To avoid large errors, only the intermediategon (0.015 << 0.035 nm-1) was selected.

The Ruland streak analysis method was used to lpugtimate the size of the kebab
structure. The changes of the average kebab diarfwteolypropylene at applied extensional
flow conditions of ¢ =23.28,t=15s; ¢ =3478,t=15s;andé =23.28,t,=25s
were calculated separately (the situation with #nadtrain rates or smaller strains was not
included due to relatively low scattering intenkifffhe obtained results are shown in Figure 3.11.
The kebab disk grew relatively fast in the begignof the experiment, and then gradually

reached to a plateau value. It is interestingnd that the evolution of the kebab diameter was
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quite similar for polypropylene with flow conditierof ¢ =23.2 & t= 15 s; andé = 34.7

s', ts= 15 s. However, for the situation with = 23.2 &, t; = 25 s, the kebab diameter was

obviously smaller when compared with others afte® 5. Typically in this case, the kebab

diameter was around 250 nm, while for the other tanditions, the kebab reached around 290

nm at the end of the experimental time period.
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Figure 3.11 Changes of the average kebab diamat@rdpylene with applied extensional flow
conditions of ¢ =232 &, t,=15s;¢ =347 8, ;= 15s; andé =23.2 &, t;= 25 s,
respectively. The average kebab diameter was dsiihtay using the Ruland streak analysis
method.

There are still conflicting opinions regarding tfegmation of lamella. Different models
have been proposed to explain the experiment sees@knerally, under quiescent conditions,
lamella will grow from the melt. Polymer chains Wibld and attach to the lateral sides of other

chains. The lamellar thickness is determined by #upercooling condition below the
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equilibrium melting point given by the Gibbs—Thomseguation. The lamellar thickness should
be close to a thermodynamic variable, which is myaiependent on the crystallization
temperature. Though no direct evidence indicatesrtfiuence of external force on the thickness
of the lamellar crystal, it is believed that thd&b disk thickness would be less influenced by the
applied flow. There were previous studies on theaslnduced crystallization of polypropylene
that reported there was almost no change in thellamthickness and the long period with
increasing shear rates [38]. If the thickening amellae is not considered during the
crystallization process, after the cessation ok flthe kebab gradually increases along the lateral
direction. When the kebab diameter reaches to tainesimount, the growing rate will decrease
and secondary crystallization may happen. For thaton with ¢ = 23.2 &, t;, = 25 s, the
lamellar disk diameter did not reach to a platealue, as it stopped at a much smaller value.
Recalling the evolution of{isn Ikebapand their ratios as shown in Figure 3.8 and Figu®e and
for the applied flow with longer duration time,edtthed polymer chains had enough time to form
the shish entities. There were then a less amaduntiented polymer chains left to form the
lamella disk, and the lamella disk could not grawtter. Finally, the disk diameter under flow
of high strain was smaller when compared with ather

Simulation of 2D SAXS patterns based on a shistakestructure model was previously
proposed [34, 39]. The model assumed a periodic-liis kebab structure with a cylindrical
symmetry around the shish-axis. For simplicity, hwiit losing the important feature of the
structure, the kebab was assumed to have a perieatation along the shish (the flow direction)

and the lamellar disk had infinite height. The tmatg contributions from the shish were
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ignored, as it mainly appeared in the equatoriadation and could be analyzed separately.
Totally, there were six parameters to simulate gbattering of the kebab. These include the
kebab disk average diameter D, the distribution)htbickness T, the distribution h(T), the
distance between the centers of nearest neighbdistgL, and the distribution h(L). In this
model, introducing three distribution parametersldcssimulate the real situation and give an
improved fitting on the scattering pattern. Frore gimulation, it was found that an increase in
the polydispersity of disk diameter, thickness dadg period, i.e., h(D), h(T) and h(L),
increased the scattering intensity at low angles wuthe large density fluctuations, while the
scattering maximum peak became diffused [34, 3BlsT the shish-kebab structure with small
h(D), h(T) and h(L), which represented a well oetktamella structure, had a sharp scattering
maximum peak and formed two points patterns imtieeidian direction. Previous study in shear
induced crystallization showed that the scattemngximum peak became diffused or even
disappeared with increasing crystallization timeowdver, in the current extensional flow
induced crystallization experiment, the scatteriogrves were somewhat different when
compared with previous results. The 1D SAXS sdcatjecurves for polypropylene in the
meridian direction with flow strain rate of 23.2, duration time of 15 s at different experiment
times are plotted in Figure 3.12. The scatteringimam appeared at around 100 s after the
cessation of flow in the SAXS patterns. The intgnsf the maximum increased in the beginning
and did not become diffused with crystallizatiomei, indicating that the polydispersity of the
lamellar disk dimensional size did not increasenificantly under the current experimental

conditions. With low distribution value, two distinscattering maxima was observed along the

61



meridian direction and formed a two-point pattewhile with a large distribution value, the
scattering became broader and resembled strealst.dfithe kebab scattering patterns under the
extensional flow conditions showed well-defined dhiall like two-point patterns with a clear
distinct scattering maxima. Though these were rmohpared quantitatively, the scattering
patterns were different When compared with our joev results from shear induced
crystallization (shear flow on polypropylene or yathylene) [33, 40]. The results seemed
reasonable as the extensional flow was a relatigsgiyng force and it had a less amount of
rotational components inside, providing a morecedfit way to form an oriented structure. The

detail comparison between the extensional flow sivehr flow needs to be studied further.

Intensity (a.u.)

. : :
0.05 0.10 0.15 0.20 0.25
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Figure 3.12 Experimental 1D SAXS profiles along ihi@n direction for polypropylene under
extensional flow withé =23.2 &, t; = 15 s at crystallization times of 20 s, 60 s, $0@00 s,
500 s, 800 s and 1000 s.
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For the strain rate dependence experiment, oriesitézh and kebab formation appeared
only when the strain rate exceeded the criticalea) , (¢ = 11.6, 23.2 and 34.7" While at
the fixed strain rate: = 23.2 &, the kebab scattering pattern was observed isrtfalest strain
(¢ =116) in the experiment. With longer duration time,.,i.stronger strain, stretched chains
will be kept in the stretched condition after thessation of flow to form the shish structure. A
certain amount of induced time was necessary fesdlchains to stretch and relax in order to
form crystals. There were two effects that couldehsignificant influences on the flow induced
crystallization. After applying the external for¢dbe polymer chains were stretched and oriented
along with the flow direction. These polymer chaiimen had two choices: either forming a shish
structure or relaxing back to coiled chains thatlddorm kebabs later. This formation could
depend on many factors, such as molecular propetgenperature, applied strain rate, duration
time et al. With polypropylene, the molecular stane could be of importance. With increasing
strain rate, more polymer chains could undergactiestretch transition. With increasing strain,
longer induced time should help these bundlesrefated chains to form more shish entities and
the relaxed coiled chains could adsorb on the dhisbrm kebab lamella structures. High strains

should increase the crystallization rate, while migot help much on the final crystallinity.

3.4 Conclusions

By using a specially designed cross-slot flow calktable extensional flow was generated.

The extension flow induced crystallization in a maomponent polyolefin, isotactic

63



polypropylene iPP), was studied. An oriented precursor structuae eetected and the structure
showed a typical shish and kebab form. Detail meisha of the shish and kebab formation
could be closely related to the characteristicghef applied extension flow. By adopting the
extensional flow at different strains and strairtesa the oriented precursor structure only
appeared when the applied strain rate exceedettitloal strain rate £, . The ordered precursor
structure, including both shish and kebab entiiies,eased with increasing strain rate and strain.
SAXS was more sensitive than WAXD to detect thevfladuced oriented structure. The kebab
scattering pattern which could not be detected IAXIV patterns was observed in SAXS
patterns at low strains. From 2D SAXS patternshi& meridian direction, the growth of the
lamellar disk diameter was estimated. Under higairstconditions, the oriented kebab did not

increase any further when the strain value wasdrigh
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Chapter 4. Uniaxial Stretching of lonic Liquid/Ultr a-High
Molecular Weight Polyethylene Blends

4. 1 Introduction

The incorporation of ionic liquids into polymeystems has been an interesting topic
because ionic liquids can be used as solventsepsoty aides, and plasticizers, to facilitate the
synthesis and processing of polymers, as well anbtance the polymer properties [1-4]. lonic
liquid is a salt with a low melting point, allowingto stay in the liquid state at relatively low
temperatures. Different from ordinary organic sakge ionic liquids consist entirely of ions and
thus have many unique properties, e.g. they ardlamomable, thermally stable, non-volatile,
and have high ion conductivity [1, 5-6]. The mogitable application of ionic liquids in
polymers is the usage as polymerization solvenezaBse of the unique properties of ionic
liquids, the course of polymerization is often di#fint from those of common solvents. This has
been seen in radical polymerization, ionic polymmation, polycondensation and atom transfer
radical polymerization (ATPR) involving ionic ligds [7-12]. In addition, ionic liquids can also
be used as solvents to dissolve polymers with mmdubility in common solvents. These

polymers include biopolymers such as silk, wool1B3 and cellulose [16], just to name a few.
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In this study, we explore the subject relatedmnother application that is the formation of
polymeric blends with ionic liquids. The low vol&i, thermal stability and high conductivity of
ionic liquids and their interactions with the polgmmatrix make them good candidates as solid
electrolytes, suitable for battery and fuel ceplagations [3]. The ionic liquids can also be added
to solid polymers as plasticizers, which would ease the flexibility of the matrix as well as
facilitate its processability. For example, Scdttak[17, 18] reported that imidazolium-based
ionic liquids were good plasticizers for processaoigpoly methyl methacrylate (PMMA). They
found that both glass transition temperature aradtiel modulus decreased with increasing
content of ionic liquid. Similar plasticization efft was also observed in systems of different
polymers and ionic liquids [19, 20]. It was fourttat many traditional plasticizers were not
suitable for high temperature usage, but ionicitlgucould sustain their high temperature
applications.

The goal of this study is to investigate thke raf ionic liquids in affecting the structure and
morphology of semi-crystalline polymers under defation, where ionic liquids are used as
plasticizers. The chosen polymer matrix was ulighithmolecular weight polyethylene
(UHMWPE) and the chosen ionic liquid (IL) was 1-deanyl-3-methylimidazolium bromide.
Since the molecular weight of UHMWPE was extremigigh (the weight average molecular
weight Mw is usually in the range of several milig), the polymer possessed a great deal of
chain entanglements and was very difficult to npeticess. The dense entanglement structure
greatly affects the crystalline structure and motpgy of UHMWPE, resulting in high modulus,

high tensile strength but very low elongation-tedk ratio. Various kinds of low molar mass
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additives were developed and tested to improveptheessability of UHMWPE. One example
was the use of low molecular weight paraffin thaild enhance the mobility of highly entangled
UHMWPE chains during processing and be removedr dfte process. In this work, we
demonstrate that the type of ionic liquid, havingpag aliphatic tail that is compatible to the
polyethylene backbone, can also be used for the garpose and be retained in the UHMWPE
matrix to create a new material. The chosen IL/UHRB\blends were prepared by the solution
mixing method to ensure the homogenous distributadnIL in the UHMWPE matrix.
Simultaneous synchrotron wide-angle X-ray diffraoti (WAXD) and small-angle X-ray
scattering (SAXS) measurements in combination withiaxial tensile deformation were
performed on the blends and the control sample, (pere UHMWPE) to understand the

structure, processing and performance relationships

4.2 Experimental

4.2.1 Materials and Preparation

The UHMWPE sample Hizex 340M was obtained fiditsui Chemical Co. Ltd., Japan. It
had a weight average molecular weight,jMf 1.5 x 18 g/mol and a polydispersity of about

10.5. The chosen ionic liquid was 1-docosanyl-3hyl@hidazolium bromide ionic liquid (IL)

N@N -[Br]”

HC™ 7 CaMas T gynthesized in our laboratory using the procesiutescribed elsewhere

[21]. The nanocomposite was prepared based orothea mixing method as follows. First, the
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desired amount of IL was dissolved in decalin torfa homogenous solution. The UHMWPE
sample (1 wt % of decalin solution) along with 1%t(based on the amount of UHMWPE) of
antioxidant BHT (2,6-di-tert-butyl-4-methylphenalere subsequently added into the IL/decalin
solution. The whole mixture was then heated to%2or 1 hour with vigorous stirring until the
mixture became a clear solution. The UHMWPE/IL sioluwas cooled to room temperature and
decalin was extracted from the suspension. Thevezed product was dried in a vacuum oven at
60 °C for 2 days. The thermogravimetric analysi&AJ traces did not show any residues of
decalin in the sample.

The control sample (pure UHMWPE) and two namagosites with different IL contents:
0.6 wt % and 3 wt % (based on the amount of UHMWRIE)e prepared using the same
procedure. Hereafter, they were referred as thepkesnof 0%, 0.6% and 3% IL/UHMWPE,
respectively. These samples were melt-pressediaitéilms (held at 170 °C and 2.0 MPa for 5
minutes) for simultaneous synchrotron X-ray/defdiorastudies. The melting temperature of
each sample was determined from differential secanoalorimetry (DSC) at a heating rate of 10
°C/min under dried nitrogen gas flow. The crystetyi of UHMWPE was estimated from DSC
using the measured value of heat of fusion (in gmrPE crystals, the heat of fusion was

assumed to be 290 J/g [22]). Table 4.1 lists tlgstallinity results.
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Table 4.1 Melting temperature and crystallinitdfUHMWPE blends and pure UHMWPE
from DSC measurements.

IL content (%) melting crystallini(%)

temperature (°C)

0% 1311 61.5
0.6% 129.7 59.2
3% 127.4 53.8

4.2.2 Simultaneous X-ray and Deformation Measuremes

In-situ wide-angle X-ray diffraction (WAXD) and small-amgK-ray scattering (SAXS)
in combination with tensile deformation measurersemere performed at the X27C Beamline,
the National Synchrotron Light Source (NSLS), Broaken National Laboratory (BNL). The
wavelength of the synchrotron radiation was 1.37 Tdmonitor the structure change, a charged
coupled device (CCD, MAR-USA) detector was usedditect 2D scattering/diffraction patterns
in real time. The CCD detector had a resolutiol@24x1024 pixels and each pixel size was
158.44 um. The typical image acquisition time was 30 s fach data frame. The
sample-to-detector distance was 1745 mm for the SAtup (calibrated with silver behenate)
and 112.5 mm for the WAXD setup (calibrated with@y). All X-ray images were corrected for
background scattering, air scattering and synchindbeam fluctuations.

The film sample was uniaxially and symmetrigatretched using a modified Instron 4442

tensile apparatus. The symmetrical deformation reksthat the focused X-ray beam always
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illuminated on the same position of the sample udeformation. The original length of the

sample between the Instron clamps was 20 mm, wihersvidth was 5 mm and the thickness
was 0.5 mm. A constant deformation rate, 4 mm/mias applied to the specimen throughout
the deformation study. The tensile experiments warged out at room temperature (25 °C) and
120 °C, respectively. The stress and strain regdrtethis study were engineering stress and

engineering strain measured directly from the brstmachine.

4.2.3 X-ray Data Analysis

The SAXS patterns of these samples exhibitedrélie scattering peaks or scattering streak
in different directions, which reflected the chamgehe lamellar structure during deformation. A
semi-quantitative analysis was performed to meath@damellar spacing by finding the position
of the maximum scattering in the Lorentz-corre3&XS profiles.

The quantitative analysis was applied on al\VZBXD patterns, which were first corrected
for background scattering, air scattering, bearuotfiations and Fraser correction (to compensate
for the distortion from the flat-detector effect3]2 To simplify the analysis, the stretched
samples were assumed to possess fiber symmetrtheg had cylindrical symmetry along the
stretching direction. This was confirmed by WAXDtteans taken from orthogonal directions
perpendicular to the stretching direction, wherarnglentical patterns were observed. To
integrate the WAXD pattern along the scatteringteeche scattered intensity was expressed
asl(s) = Zzzj'olosoj | (s,¢)s” singd¢g , where the Lorentz correction was used to obtaéntitue mass

distribution in the system. The calculatdd® (vs. s) profile was then separated into different
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crystal peaks and an amorphous background, wherguhntity of each component could be
determined (a typical example is shown in Figur®).4The 2D WAXD patterns were further

separated into two parts: isotropic part and aropat part using the halo method [24], as
illustrated in Figure 4.2. The isotropic part wasnfied due to the unoriented species, including
amorphous and unoriented crystal phases; whileattigsotropic part was formed due to the

oriented species, including oriented mesomorphita@stal phases.

Is?, intensity (a.u

Figure 4.1 Deconvolution of reflection peaks fromiategrated WAXD intensity profile. (o) and
(m) indicate the reflection peaks from orthorhomhbied monoclinic phase of polyethylene
crystal, respectively.
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Fraser Correction

() — C)

Isotropic part Anisotropic part

Figure 4.2 Schematic diagrams for separation afnbed part and unoriented part from a 2D
WAXD pattern.

4.3 Results and Discussion

Simultaneous X-ray and tensile deformation mesments were first carried out at 25 °C.
Figure 4.3 shows the stress-strain curves fohalle samples. It was found that by adding ionic
liquid, the yield strength decreased (the 3% IL/UWME exhibited the lowest yield point value),
but the elongation-to-break ratio increased (€184 % for pure UHMWPE, 338 % for 0.6%
IL/UHMWPE and 252 % for 3% IL/UHMWPE). The final kees of tensile strength for the three
samples, however, were quite comparable. Thus, itleerporation of ionic liquid into
UHMWPE could largely increase the elongation-toalireatio while keeping similar or slightly

higher tensile strength.

75



35

A
-
304 - = |
- -
- |
- -
25 , - :
g 204 [! I
2 11 |
()]
g 15 4 J |
n
| |
10
I Il —o0%IL
5 | |— =0.6%]L
3% IL
1 |
0 T T T T T T T T T
0 1 2 3 4

Strain

Figure 4.3 Stress-strain curves of UHMWPE and W&/ HMWPE blends (0.6% and 3% IL) at
25°C.

The in-situ SAXS and WAXD results could providetailed structure information (from
lamellar to crystal) of the system during the sfinetg process. It was found that two
IL/UHMWPE blends exhibited very similar trends inermns of the changes of
scattering/diffraction patterns during deformatiavhile pure UHMWPE did not show notable
variations in scattering/diffraction patterns due the short elongation-to-break ratio. The
exemplary results from the 0.6% IL/JUHMWPE blend dhestrated in Figure 4.4, where the
stress-strain curve and selected WAXD and SAXS enag different strains are shown. The
initial WAXD pattern showed an isotropic featuretlwonly orthorhombic crystal reflections.
When the strain was increased, the diffractiongpa#t shifted towards the equator, where several

new reflections from the monoclinic phase also apge Figure 4.5 shows a 2D WAXD pattern
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taken from the 0.6% IL/UHMWPE blend at strain 100Phere were five distinct diffraction
peaks - two from the orthorhombic phase and threm fthe monoclinic phase. The values of
scattering vector s for these crystal reflectioakseare listed in Table 4.2. It is known that in
polyethylene, the orthorhombic phase is the magilstform, while the monoclinic phase is the
metastable form. The structure of the monocliniagghand its possible formation mechanism in
oriented polyethylene has been reported by Setd. §25, 26]. The positions of the detected
monoclinic peaks (010), (200) an@@L0) in this study were nearly the same as thdtseom
the Seto study, giving the unit cell parameteraef 8.09 A,b = 4.79 A,c = 253 A, and =
107.9° (here we refer the chain-axis asiaxis, which was different from the original litéwee
[25, 26]). We note that the phase transformati@amfithe orthorhombic to monoclinic phase
could be induced by stress, which is often ternfednhartensitic transformation [26-28]. This

behavior was observed in all three samples (blandscontrol).
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Figure 4.4 Selected WAXD and SAXS patterns for OI6#JHMWPE blend at different strains
during stretching at 25 °C.
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Figure 4.5Typical WAXD pattern of 0.6% IL/UHMWPE blend at ain 100% and 25 °C with
the crystal reflection peaks from two differentstal phases.
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Table 4.2 Scattering vector s of crystal reflectpeaks found during stretching of the 0.6%
IL/UHMWPE blend at 25 °C.

Orthorhombic phase Monoclinic phase
crystal peak (110) (200) (010) (200)| (2L0)
scattering vector s () 0.241 0.269 0.218 0.259 0.283

In SAXS measurements, the scattering maximurs feand to move toward the equator
and formed a streak-like scattering pattern at Isigains. This pattern (equatorial streak) could
be attributed to the non-correlated fibrillar sture, either from extended and/or microvoids.
The observation of equatorial scattering strealdefiormed polymer film or fiber has been
reported in the literature [29, 30]. If these skeavere due to single scattering entity (e.g.
microvoids or crystal fibrils), the dimensions atie orientation of these scatterers could be
estimated by using the method demonstrated by BUlah 32]. For the current results, as the
nature of the scattering streak was complex andhinugnsist of both contributions, we decided
not to focus on the SAXS streak analysis but thengtative WAXD analysis.

Using the method mentioned earlier, the evolutidncrystallinity and components of
different crystal phases for UHMWPE and IL/JUHMWPIernds at 25 °C were determined from
the WAXD data, where the results are shown in Fgdr6. It was found that the total
crystallinity decreased slightly with increasing ¢bntent (especially in the high concentration
sample). This observation was consistent with tB&€Desults and could be explained as follows.

As the ionic liquid behaved like a plasticizer foHMWPE, it could enhance the overall
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mobility of the entangled chains and increase tlastigity of the material. As a result, the
presence of ionic liquid also decreased the melgamt and crystallinity. A similar role of
plasticizer that could increase the segmental ritglaks well as the overall chain mobility and

decrease the crystallinity in other semi-crystallpolymers has been reported [33,34].
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Figure 4.6 Evolution of crystallinity for UHMWPE drtwo IL/JUHMWPE blends (0.6% and 3%
IL) during stretching at 25 °C.

As mentioned earlier, stress-induced phasesfitamation was seen in all three samples.
The evolution process of different phases durinigprdeation was similar, i.e., with the increase

in strain, the content of the orthorhombic crygihbse decreased and that of the monoclinic
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crystal phase increased. Both phases reached nbwataes at higher strains in the blends (this
was not the case for neat UHWMPE as the materdhlahelatively low strain to break ratio). In
the presence of ionic liquid, the phase transfolonatecame more gradual than pure UHMWPE,
implying that the time it took to reach the platealues increased and the extent of the phase
transformation decreased in the IL/UHMWPE blendem@aring the results between pure
UHMWPE and 3% IL/UHMWPE, the blend sample showethach smaller decrease in the
crystallinity by stretching (from 42.5% to 28.2%)an that in pure UHMWPE (from 54.0% to
22.4%). The addition of ionic liquid clearly delayéhe stress-induced phase transformation in
UHMWRPE, i.e., in the presence of ionic liquid, gteess-induced melting behavior was retarded,
while the enhancement in the overall chain mobikty to further crystallization at a relatively
low strain (as seen in the 3% IL/UHMWPE blend).

The WAXD results were analyzed to determine ¢hestal orientation. Upon stretching,
both (110) reflection from the orthorhombic phasel 4010) reflection from the monoclinic
phase showed some interesting changes in oriemtakost, both reflections exhibited a
four-point pattern along the off-axis, and converte a two-point pattern on the equator at
higher strains. At some strain the two featuresexisted, indicating the presence of two
populations for crystal orientation under deformat{35, 36]. With the increase in strain, the
intensity of the four-point pattern decreased daintensity of the two-point pattern increased.
The appearance of the four-point pattern for thdO)1reflection indicated that the
crystallographi@-axis was preferentially oriented (i.e., perpentdictio the stretching direction)

at low strains. At higher strains, the chain axig.( the c-axis) became aligned with the
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stretching direction, forming the two-point patteom the equator. The change in crystal
orientation did not occur in a step transformatioanner with the strain, rather it occurred very
gradually. During stretching, the co-existence lué two orientation populations was clearly
detected from the six-point pattern in the WAXD fideoat 200% strain in Figure 4.4. The
change of crystal orientation in the (010) reflestof the monoclinic phase was very similar to
that in the (110) reflection of the orthorhombiaph.

The change of crystal orientation could be dbed quantitatively by the Hermans’
orientation parametef)( Using the stretching direction as the refereamds, the parametéican

be defined as,
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Thef value represents the extent of the crystal oriemawith O being completely random and 1
being completely oriented along the reference &isce no pure reflection was found in the
c-axis, the Wilchinsky method [37] was used to deiee thec-axis orientation by combining
the information from the (200) and (110) reflecgonf the orthorhombic phase. For the
monoclinic phase, three different reflections (Q1@00) and @0) were used to estimate the
orientation parameter along theaxis. The results indicated that Hermans' orieotat
parametersf] obtained from the two crystal phases were in fpgte similar. Figure 4.7 shows
the evolution of Hermans’ orientation parameterhwstrain obtained from the orthorhombic
phase. The initiaf value was found to be around 0.1 to 0.2, which m@scompletely random.

This could be attributed to the melt-pressing pssceuring sample preparation. For pure
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UHMWPE, thef value did not change much until after the straib@¥. Whereas thievalues of
the two IL/UHMWPE blends increased steadily ancchea a plateau value after the strain of
150% (both blends exhibited the same trend). Ovetad IL/UHMWPE blend showed higher
crystal orientation compared with that of pure UHMB/ This result was consistent with the
earlier observation, i.e., the ionic liquid coulttiease the overall chain mobility in UHMWPE

and facilitate the change of crystal orientation.
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Figure 4.7 Evolution of Hermans’ orientation paréenalong thec-axis for UHMWPE and two
IL/UHMWPE blends (0.6% and 3% IL) at 25 °C.

The combined X-ray/stretching test was also caroetdat a higher temperature (i.e., 120
°C), with the corresponding stress-strain curvésdgoghown in Figure 4.8. The yield points were
clearly seen in the high temperature deformatiothefse three samples. Due to the increasing

overall chain mobility at higher temperatures, egéa elongation-to-break ratio was obtained
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when compared with that at room temperature. Howebketh IL/UHMWPE blends still

exhibited larger elongation-to-break ratios thanepdHMWPE. The 0.6% IL/UHMWPE blend
exhibited better elongation-to-break performanantthe 3% IL/JUHMWPE blend. The tensile
strength of the blend also increased significamthen compared with that of pure UHMWPE,

especially for the 0.6% IL/UHMWPE blend.
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Figure 4.8 Stress-strain curves of UHMWPE and twWt&/HMWPE blends (0.6% and 3% IL) at
120 °C.

Selected WAXD and SAXS images of the 0.6% ILMWPE blend at different strains are
shown in Figure 4.9. In WAXD patterns, all difframt peaks were found to move towards the
equatorial direction with increasing strain, andytleventually exhibited a two-point pattern on
the equator, indicating a very high crystal oriéota However, no phase transformation was

observed during stretching at 120, unlike the deformation study at room temperatiitee

84



corresponding SAXS results showed some interestiogs-streak patterns at high strains,
indicating the formation of ordered structure ingka scale. The detail of this structure will be

discussed later.
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Figure 4.9 Selected WAXD and SAXS patterns for OI6#JHMWPE blend at different strains
during stretching at 120 °C.

The change in crystallinity during stretching a®f€ was calculated, with the results being
illustrated in Figure 4.10. Since no phase tramsé&dion was observed in these samples, only the
total crystallinity was estimated. It was found ttithe total crystallinity decreased with
increasing IL content. However, the trends of thange in the three samples were similar, i.e.,
the crystallinity increased at low strains and hestca plateau value at higher strains. At room
temperature, stretching led to the destructionhef arthorhombic phase and formation of the

monoclinic crystal, whereas at high temperaturésgtching resulted in an increase in the
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orthorhombic phase. Clearly, the mechanisms ofsthetch-induced structure changed at low

and high temperatures were very different.
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Figure 4.10 Evolution of crystallinity for UHMWPEnd two IL/UHMWPE blends (0.6% and
3% IL) during stretching at 120 °C.

During deformation at high temperatures, the fooinp pattern of (110) reflection was
observed only at low strains (below 100%). At higlstrains, the sharp two-point pattern
appeared in the equatorial direction indicating themation of c-axis orientation along the
stretching direction. This was quite reasonableesthe high mobility of polymer chains at high
temperatures made it easy for the chain axis gmallong the stretching direction; while at low
temperatures, tha-axis orientation was more favorable in the initishwing stage than the
c-axis orientation. Hermans’ orientation parametdrslifferent strains were calculated and the
results are shown in Figure 4.11. The blend samplesved better orientation than pure

UHMWPE. For example, thkvalue was 0.91 at the end point of the 0.6% IL/UHNMEVblend,

86



indicating the achievement of a very high crystamtation at the end of stretching. In general,
the three samples showed a similar trend in thegdaf Hermans’ orientation parameters, i.e.,
thef value increased rapidly in the low strain rangea{st< 100%) and then slowly reached a
plateau value. This behavior was similar to thestafinity change observed in Figure 4.10.
However, such a comparison was quite different ftbenresults at room temperature, i.e., the

crystal orientation increased steadily throughbetdtretching process (as seen in Figure 4.7).
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Figure 4.11 Evolution of Hermans’ orientation paeten in thec-axis for UHMWPE and two
IL/UHMWPE blends (0.6% and 3% IL) at 120 °C.

To understand the structure change under diftestretching conditions, WAXD patterns of
the 0.6% IL/UHMWPE blend collected at differentastis were further separated into oriented
and unoriented components for both crystal and phours phases using the Halo method

mentioned earlier. Figure 4.12(A) and 4.12(B) iitate the evolution of mass fractions for
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crystal (further separated into oriented and umbe@ crystal), oriented amorphous (or
mesomorphic as labeled in the figures) and amorpipbases during stretching at 25 °C and 120
°C, respectively. At room temperature, the cryftattion exhibited a small increase at large
strain, but the increase in the oriented crystatfon was continuous and prominent. In addition,
the mesomorphic fraction was found to increase sitain, but both unoriented crystal and
amorphous fractions decreased continuously. Ovehallgeneral trends of the above changes at
120 °C were similar to those at room temperatumvéver, there were two notable differences
between the results from two temperatures (25 @120 °C): (1) the unoriented crystal fraction
at 120°C decreased rapidly to a negligible value (fractioi®) at strain 100%, whereas the
unoriented crystal fraction at room temperaturenta@mned a finite value at high strains; (2) the
mesomorphic fraction (~ 35% at strain 600%) at 2@ the large strain region was higher than
that (~22% at strain 300%) at room temperatures@tmbservations could be understood by the
mobility enhancement of the amorphous chain initikerlamellar region, i.e., with the higher
chain mobility (at 120C), it was relatively easier to realign the crysthse, resulting in a very

rapid decrease in the unoriented crystal fraction.
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Figure 4.12 Evolution of mass fractions of orientatl unoriented components in the 0.6%
IL/UHMWPE blend during stretching at 25 °C (A) ah2i0 °C (B).
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During the deformation of pure UHMWPE at 120 %Ccross pattern in SAXS at high
strains range, which was very different from thguieat room temperature, was observed. The
cross pattern feature was much more distinct inltldHMWPE blend. Figure 4.13 shows
selected SAXS patterns for the 0.6% IL/UHMWPE bleotlected at different strains. At strain
100%, the SAXS pattern, in fact, possessed two copts. One was the scattering streak along
the meridian; the other was the typical cross pattBoth patterns exhibited weak scattering
maxima indicating the presence of two lamellar cttrees. The feature of two scattering
components became much clearer at strain 150%. vywat strain 300%, only the cross
pattern was observed. In the previous literatune, dppearance of two-point and four-point
patterns have also been reported [38, 39]. Theestag pattern observed in this study exhibited
more streak-like feature instead of point-like teaf indicating a broader distribution of the
lamellar long spacing. The appearance of meridisnattering streak indicated the presence of
the lamellar structure aligned perpendicular todtretch axis, while the cross pattern indicated
the presence of another lamellar structure aligmé a tilt angle with respect to the stretch axis.
From the WAXD results, especially the evolutiontllé Hermans orientation parameter, it was
reasonable to argue that most of the amorphousivaihe interlamellar region tended to orient
along the stretching direction in the beginningtloé stretching process (i.e., strain less than
100%). As a result, the lamellar axis became peligatar to the stretch direction. At strain
above 100%, fragmentation of some crystals mightigaeleasing the local stress and resulting
in the tilting of the lamellar structure. From theometry of the cross pattern, it was found that

the tilt angle (relative to the original lamelld&at were perpendicular to the stretching direction)
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increased with increasing strain. The schematigrdm of the two types of lamellae present
during stretching is shown in Figure 4.14. Sudedillamellar structure has been reported before
[38,39], where the tilting angle as well as theggeriod value or the average distance between
adjacent lamellae (along the lamellar normal) cdaddestimated by the position of the scattering
maximum. The long period change as a function Hirstis shown in Figure 4.15. The long
period decreased with increasing strain. Compaheghree samples, the addition of ionic liquid
was found to decrease the long spacing as welieagate of decrease by strain, implying that the
presence of ionic liquid could increase the overabbility of amorphous chains in the
interlamellar region and thereby would retard theaging motion between the adjacent lamellae,
leading to a smaller decrease in the long periddabuncrease in the elongation-to-break ratio.
At high temperatures, the fraction of oriented talgs was primarily induced at low strains
(Figure 4.12B), while the resulting lamellae orggiin occurred continuously at high strains; at

room temperature, the fraction of oriented crysteds completed at much higher strains (Figure

4.12A).
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Figure 4.13 SAXS profiles of 0.6% IL/UHMWPE at difent strains stretched at 120 °C.
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Figure 4.14 Schematic diagrams for two populatmilamellar structures during stretching at
120 °C

lonic liquid/lUHMWPE blends showed an increasgldngation-to-break ratio at both
temperatures, as caused by the plasticizationteffdabe ionic liquid. The hydrocarbon chains at
the end of the ionic liquid might act as a solvemd interacted with the surrounding
polyethylene chains, which could increase the dieaain mobility during the stretching
process. Although ionic liquid/lUHMWPE blends showstproved toughness when compared
with pure UHMWPE, too much ionic liquid could natrther improve the performance (e.g. 3%

IL/UHMWPE exhibited a lower elongation-to-breakioadand smaller tensile strength compared
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with 0.6% IL/UHMWPE) as too much ionic liquid wouklppress the formation of crystallite

region, leading to a less effective crystallinenwk.
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Figure 4.15 Evolution of lamellar long period aD1’Z for UHMWPE and two IL/UHMWPE
blends (0.6% and 3% IL).

4.4 Conclusions

The addition of a small amount of ionic ligelg. 0.6 %) to UHMWPE could significantly
increase the elongation-to-break ratio at both & high temperatures (e.g. 25 °C and 120 °C),
while maintaining comparable or better tensilerggth, due to the increase in chain mobility by
the plasticization effect of ionic liquid. Howeveéoo much loading of ionic liquid (e.g. 3 %) did
not further improve the toughness of the UHMWPEriratn this study, the 3% IL/UHMWPE
sample exhibited lower elongation-to-break ratial amaller tensile strength when compared

with 0.6% IL/UHMWPE at both temperatures. The dtnoe changes induced by stretching in
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the IL/UHMWPE blend and pure UHMWPE samples werdtequdifferent at the two
temperatures. At low temperature, the plasticizatdfect of ionic liquid on the amorphous
UHMWPE chains dominated the structure change, wpkese transformation was observed in
all three samples. The ionic liquid blend samplevetd a relatively weak phase transformation
when compared with pure UHMWPE, which could belaited to the increase in chain mobility.
At high temperature, all three samples exhibiteghér crystal orientation than that at low
temperature, where the oriented crystal fractios wampleted at relatively low strains. With
further increase in strain, the lamellar structwees found to tilt towards the stretching direction.

The addition of ionic liquid delayed the lamellaowement under strain.
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Chapter 5. Effect of Comonomer Content on Structure and
Property Relationship of Propylene-1-Octene Copoly®r during

Uniaxial Stretching

5.1 Introduction

Polypropylene (PP) is one of the most imporfawiymers in chemical industry due to its
low cost and broad applications. It has excellénaical resistance, good mechanical properties
and is relatively easy to process. Polypropylersrnshalso have excellent ability to crystallize
and can form different crystal structures. Howetbe, different crystal structure has different
effects on final properties. Although polypropylemes widespread usages, it still has limitations
for certain applications, due to its weak impacersgth at low temperatures and poor elastic
performance. Scientists have been interested ithegizing new polypropylene-based materials
with modified structures and improved propertiestercome these limitations.

Thermoplastic elastomers (TPE) are a new kinchaterials that have gained significant
interest as they contain both thermoplastic andt@haeric characteristics. These materials
possess improved elastic properties over convedttiplastic materials and can be processed
easier than traditional rubber products. Theresaxeral pathways to produce new TPF materials.
One is through the processing route by mechanigging of conventional plastic materials
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(such as PP) with elastomers, such as ethylenederop rubber (EPR) [1-3],
ethylene-propylene-diene rubber (EPDM) [4-6] anklyletne-octene copolymer (EOC) [7-10].
Another route is by polymerization, such as copdasization of polyolefin containing different
comonomer type and content, to produce new propylem ethylene-based materials. The
development of metallocene catalysts has greatijittded this method, where incorporation of
varying comonomers can be controlled in a randomlacky fashion [11, 12]. For example, the
propylene-based random copolymer family, contairtiegene, butylene, ethylene and octene
comonomer units have recently been synthesize@8]1.3With certain copolymer compositions
the materials exhibited both plastic and elastiaratteristics having good mechanical strength
as well as decent elasticity. The versatile turtogditions during synthesis clearly provide a
new pathway to tailor the final properties. As flrepylene segment is the only crystallizable
component, the type and content of different comugro greatly influence the crystalline
morphology and thermodynamic properties. Furtheendhe interactions among different
segments also lead to phase separation which yieétarchical structures at different length
scales [9, 24].

The purpose of the present study is to further tsided the relationships between
comonomer composition, structure and mechanismeptpwf polyolefin random copolymers.
To be specific, propylene-octene (PP-O) random lgopers at different octene contents
(molecular ratio of 5%, 8% and 10%) were chosen asodel copolymer system to investigate
the influence of comonomer on the structural chaoigpropylene during tensile deformation

and its relationship with the mechanical perforngaro-situ wide-angle X-ray diffraction
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(WAXD) and small-angle X-ray scattering (SAXS) werged to monitor the structural changes
during deformation. The scattering and diffracticesults have provided useful structural

information at different length scales from crystalt cells to lamellae.

5.2 Experiment

5.2.1 Materials and Preparation

Propylene-octene (PP-O) random copolymer sanplere obtained from ExxonMobil
Chemical Company. They were synthesized usinguisolpolymerization method based on the
metallocene catalyst. Three different copolymer @as having octene comonomer mole
percentages of 5%, 8% and 10% (i.e., weight peagestof 12%, 19% and 23%) were prepared.
The weight-average molecular weights of these thogmlymers were 115K g/mol, 132K g/mol
and 105K g/mol, respectively. They were denote®Rg0-5, PP-O-8 and PP-O-10 in this paper

hereatfter.

5.2.2 Simultaneous X-ray and Deformation Measuremeés

Tensile deformation measurements were perfororeca modified Instron 4442 tensile
apparatus, which allowed the film sample to be xialy and symmetrically stretched. The
symmetrical deformation ensured the focused X-ragnb always illuminated on the same

position of the sample during stretching. The pewedting temperatures of PP-O-5 and PP-O-8
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determined by differential scanning calorimetry QSvere 96.3 °C and 83.6 °C. For PP-O-10,
the melting peak became broad, in the range of36® 5 °C. So in the tensile experiment, 60
°C was chosen as the experiment temperature, simder this condition polymer chains had

relatively high mobility in the copolymer and coufdake it easy to observe the different

deformation behavior and larger difference on #redlla structures in these samples from X-ray
scattering patterns during the stretching process.

Dumbbell-like tensile specimens were prepaneddmpression molding the samples at 180
°C. All specimens were stored at room temperatorerfound 1 week before the tensile test in
order to minimize any possible aging effects onghmple. The initial length of the specimen
between the Instron clamps was 30 mm, having watitd thickness of 4 mm and 1 mm,
respectively. A constant crosshead speed, 6 mmimas,applied to the specimen throughout the
deformation study. The maximum strain was aroundué to the limitation of the tensile
apparatus. The step-cycle tensile test was alstedavut at the chosen experiment temperature
(i.e., 60 °C). This test combined the stepwisadireg and loading-unloading cycles to evaluate
the elastic recoverability of the specimen. In dpedhe specimen was extended step-by-step to
the desired strains of 50%, 100%, 200% and 3008pedively. When the deformation reached
the desired strain, the crosshead reversed batle atame crosshead speed until zero stress was
detected. The extension was then applied agairedohr the next target strain, whereby the
process would repeat itself until the completiontloé final cycle. The recovery ratio was

calculated asl—(g, /,), where ¢, represents the residual strain angl represents the target
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strain. The stress and strain reported in thisystuere engineering stress and engineering strain
measured directly from the Instron machine.

In-situ wide-angle X-ray diffraction (WAXD) and small-amglX-ray scattering (SAXS)
measurements during tensile deformation were paddrat the X27C Beamline in the National
Synchrotron Light Source (NSLS), Brookhaven Natldreboratory (BNL). The wavelength of
the synchrotron radiation was 1.371 A. To monitee structural changes, a charged coupled
device (CCD, MAR-USA) detector was used to coll2pt scattering/diffraction patterns in real
time. The CCD detector had a resolution of 2P4 pixels and each pixel size was 158.44
um. The typical image acquisition time was 30 s feach frame collection. The
sample-to-detector distance was 1910 mm for the SAtup (calibrated with silver behenate)
and 121.1 mm for the WAXD setup (calibrated with@y). All X-ray images were corrected for

background scattering, air scattering and synahindbeam fluctuations.

5.2.3 X-ray Data Analysis

Quantitative analysis was applied on all 2D WARatterns, which were also compensated
for Fraser correction due to the distortion frora flat-detector [25]. The stretched samples were
assumed to possess fiber symmetry, i.e., with dgital symmetry along the machine direction.
This was proven to be a good approximation for tigme of single axis deformation systems.
WAXD patterns were integrated along the scattevector and the integrated scattered intensity
could be expressed aqs) = Zzzj'olow | (s,¢)s”singd¢ . In this integration, the Lorentz correction

factor &%) was used to obtain the mass distribution of §rstesn. The integrated intensity profile
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was then de-convoluted into different crystal retiten peaks and an amorphous background
using the peak fitting method. The crystallinitysadetermined from the ratio of the integrated
area under all crystalline components to the iataebgrated area.

Typical SAXS image exhibited a broad meridio@abar pattern superimposed with an
equatorial streak during stretching. The imagedatdid the lamellar structure under deformation,
where the lamellar long period, lamellar thicknesgentation and lateral size could be estimated.
The lamellar long period was obtained by the maximcattering position in the
Lorentz-corrected integrated 1D SAXS profile. Lalaethickness, lateral size and orientation
were obtained by a semi-quantitative fit of the 2BXS pattern, to be described below. For the
stretched system, fiber symmetry was assumed iS&¥S/WAXD pattern, which was verified
in our earlier studies [26-29]. This assumptionagisesimplified the theoretical approach for the
analysis of 2D scattering/diffraction images. THe WAXD analysis has been demonstrated
earlier [26-29] and will not be repeated here. T2 SAXS analysis for the system with
preferred orientation was adopted [30]. The prilecip briefly described as follows. Figure 5.1
illustrates the spherical trigonometric relatiopstof the scattering system with preferred
orientation in reciprocal space [26, 31]. In th&se, the scattered intensily(s, ¢) can be
expressed as [26, 31, 32]:

I(s0) =] 1(s0)F(p.0)sing'dy
whereg is the polar angle with respect to the principakaf the fiber,p' is the polar angle in
the coordinate system of the structural urfg, ¢’) andF (¢, ¢’) is the integral kernel correlated

with the orientation distribution function (ODE)f) . In our approach, the Onsager orientation
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distribution function was used as the ODF withfiiiwing expression [29]:

9o (8) = pcosh(pcogy )/sinhp
where f# is the angle between primary axis df(s, ¢) and | (s, ¢’), p is the orientation
distribution parameter related to the breadth ef phofile and from that Hermans’ orientation
parameteP, as given by [29]:

P, =1-3p~[coth(p) - p~']

Thus, the integral kernél (¢, ¢’) has the form [26, 29]:

F(p,¢") = pcsch(p) coshEx)1,(py)
where X =cospcosyp', y =singsing' andl, is the modified Bessel function of the first kind a
zero order.
The intensity distribution' (s.¢) can be factorized intl(s,,s;) = 1,,(S,)1:(S;) /278, ,
where Sz =SSing’ S, =SC0Sp", BEY represents the 1D scattered intensity relatechéo t

lamellar thickness and distributioﬂ;z(siz) is related to the lamellar lateral size, whichlddue

simulated by a Gaussian distribution,
115(,) = b exprs’ /b?)
or Lorentzian distribution,
|,(s,) =b™" @+ 7%, /b*) ™
From the simulation results, the &tientation and the lamellar lateral sizean be obtained.

The detailed analysis will also be shown in theaated text.
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Figure 5.1 Spherical-trigonometric relationshipsamen scattering vect@rand primary axis of
the intensity distribution of the structural uh{g, ¢’) and the oriented ensemll€s, ¢).

5.3 Results and Discussion

The stress-strain curves of propylene-octermlgmer at different octene concentrations
(5%, 8% and 10%) and 60 °C are shown in Figure Bh2. incorporation of the comonomer
resulted in notable changes of mechanical progerfier example, with an increase in the octene
content, the elastic modulus and tensile yieldssti@decreasd significantly. The tensile behavior
of the PP-O-5 sample showed a typical trend of segstalline polymers, exhibiting highly
localized yield and neck regions. On the other hdod PP-O-8 and PP-O-10, these samples
behaved more like elastomers, especially noticefabl®P-O-10, where the neck region became

diffused and mixed with the strain-hardening regabhigh strains.
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Figure 5.2 Stress-strain curves of propylene-octaopolymer with different octane
concentrations (5%, 8% and 10%) at 60 °C.

Before studying the crystal orientation changeé different strains, the chosen
propylene-octene copolymer samples were kept &Cofor a long enough time until there was
no noticeable change with the stress. This prosessaimed to eliminate the annealing/aging
effect of the copolymers at 60 °C, especially fighhoctene content samples. Thus, the possible
aging effect was ignored during the stretching psscin order to avoid the complexity when
discussing the influence of stretching force on ¢hgstal structure of copolymers. Figure 5.3
illustrates the 1D integrated WAXD patterns of theee propylene-octene copolymers before
the stretching experiment. These copolymer samgtbgited several discrete diffraction peaks
at scattering vectas with values of around 1.53, 1.82, 2.00, and 2.8&.rThe peaks matched

the characteristic diffraction from thephase crystal form of iPP homopolymer and theyidcou
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be indexed as (110), (040), (130), and (111) rafies, respectively. Systematic studies have
found that the inclusion of comonomer would indddéerent crystal structureg-phase iPP was
commonly observed in the propylene-based copolymwittin certain comonomer content [20,
21]. Even the new crystal phase could form in thepplene-1-hexene copolymer under certain
conditions [19].y-phase propylene was also observed in propyleneilldme copolymer during
stretching in our previous studies [28]. Howevdre tcharacteristic diffraction peak of the
y-phase in iPP (117) at arousd: 2.25 nnt [33, 34], was not observed here. It was found that
with higher octene content, the intensity of theosel diffraction peak (at arourst= 1.88 nrit)
became more intense when compared with that ofitstepeak. Similar behavior was reported
and explained by the presence of ilrBhase from the (008) diffraction peak at the same
position [35]. However, as the characteristic (1diffjraction peak was not seen here, it could
more likely be that theg-phase was not formed in the copolymer or the spoeding structure
possessed large defects. The crystallinitpljase) of these copolymers was calculated as 27%,
24% and 14% for PP-O-5%, PP-0-8% and PP-O-10%gctisply. It was reasonable to find

that crystallinity was decreased with the incorpioraof the non-crystallizable component.
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Figure 5.3 Integrated 1D WAXD profiles of PP-octeopolymer at 60 °C before stretching.

Figure 5.4 shows selected 2D WAXD profiles durinigetehing. For simplicity, only the
profiles of PP-O-5 and PP-O-10 at strains of 108%)% and 700% are shown. Copolymers
could exhibit higher crystal orientation at larggrains, and PP-O-5 showed higher crystal
orientation than PP-O-10. There was no observatdese change during the stretching process
and all copolymers only exhibitedphase crystals throughout deformation. In PP-Gtl€train
of 700%, the three arcs in the equatorial directionld be assigned as the (110), (040) and (130)
diffraction peaks, respectively, where thaxis was parallel to the machine direction. Thekvea
scattering streaks in the meridian direction apgetat high strains and could be caused by the
scattering of the daughter lamellae (they hadt amigle of about 80 ° with respect to the mother

lamellae) [18, 36, 37]. These meridian streaks ttaudd be ascribed as the (110) reflection of
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the daughter lamellae, as indicated in the profikewas noticed that there was another streak in
the meridian direction at a higher scattering anglensidering the position and shape, this streak
could be attributed to the (220) peak of the daeiglemellae, as indicated in Figure 5.4. The
result could be explained as follows. During stnetg, the mother lamellae bore a majority of
tensile force, especially at high strains. Thes¢herolamellae were easy to be fragmented, with
the decreased size leading to the broadening otdhnesponding reflection peaks, and was
consistent with the experimental results in PP-Qrbaddition, the increased disorder in the
mother lamellae would significantly decrease th#ection intensity, especially for those
high-angle peaks; while the daughter lamellae ctfie peaks would be much less influenced.
As a result, the (220) peak from the daughter lEmeh the meridian direction could remain
intact, while the (220) peak from the mother lamelin the equatorial direction would become

diffused and weak.
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Figure 5.4 Selected 2D WAXD profiles of PP-O-5 &t+O-10 copolymer stretched under 60
°C at strains 100%, 300% and 700%.

The integrated 1D WAXD profiles of PP-O-5 aré-©-10 at different strains are plotted in
Figure 5.5. With increasing strain, the scatteiimgnsity decreased due to the reduction of the
sample thickness during stretching. The positiohsthe reflection peaks did not change
significantly with strain and no noticeable newleefion peak could be detected, confirming that
the chosen copolymers possessed maiAiyase crystals. However, at higher strains, s@ch a
500% and 700%, the crystal peaks became very bhodhis case, the remaining polypropylene
crystals possessed large defects (under high dafmm) and could be in the mesomorphic
phase. This mesomorphic phase was different froenatimorphous phase, and it had notable
orientation along the fiber direction. The evolatiof crystallinity of PP-O-5, PP-O-8 and

PP-O-10 under stretching was obtained by peakdithf the integrated 1D WAXD profiles. The
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results are illustrated in Figure 5.6. The crysidll values of PP-O-5 and PP-O-8 decreased
initially near the yield point, after which theycireased subsequently. However, the PP-O-10
sample did not show this trend (or the yield poifit)is behavior may be explained as follows.
The tensile force could impose two opposite effemtsthe change of crystal structure in
semi-crystalline polymers. For one, the tensilecdocould elongate the polymer chains and
induced new crystal formation. On the other hahd,ténsile force could also destroy preexisting
crystals. These opposite effects, depending omtblkecule structure, temperature and type of
force applied, could lead to different structurbbiges. For example, the PP-O-5 and PP-O-8
samples showed a decrease in crystallinity atrstréielow 50%, which indicated that the
dominant effect of tensile force at this stage wstal destruction. The subsequent crystallinity
increase, especially for PP-O-5 indicated that thmminant effect was strain-induced
crystallization. The PP-O-10 did not show the @alsestruction step, probably due to the small
crystallinity and/or small crystal size in PP-O-This explanation was also consistent with the
SAXS results, to be discussed later. At strain 70G# copolymers showed decreased
crystallinity, indicating that at high deformatiothe crystal destruction again became the

dominant effect.
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Figure 5.5 Integrated 1D WAXD profiles of PP-O-5)(@d PP-O-10 (B) copolymers stretched
at 60 °C and strains of 0%, 50%, 100%, 200%, 3@®%% and 700%.
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Figure 5.6 Crystallinity of PP-O-5, PP-O-8 and PR{Dstretched under 60 °C at strains of 0%,
50%, 100%, 200%, 300%, 500% and 700%.

SAXS patterns could provide useful informatiabout the crystal structure in a larger
length scale, complementary to the WAXD results, demi-crystalline polymers. Selected 2D
SAXS images of three copolymers stretched undéXét different strains are shown in Figure
5.7. Generally, the orientation became higher ugtogtching. The initial scattering pattern was
isotropic, while the patterns at high strains alsvpgssessed two bar features along the meridian
direction superimposed with an equatorial streakhds been demonstrated that in some
polyolefin samples stretched at certain conditian$our-point scattering feature can appear in
the off-axis direction, caused by the oblique alstientation [26]. However, this behavior was
not seen here. In this study, the meridional sgatjepattern was analyzed by using the

following approach to elucidate the lamella crystalicture.
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Figure 5.7 Selected 2D SAXS profiles of PP-O-5,3B-and PP-O-10 copolymer stretched at
60 °C and different strain.

With the assumption of fiber symmetry, the srad intensityd (s, ¢) could be calculated
according to the expression in the data analysi§ pawhich F (p, ¢’) was related to the
Hermans’ orientation parameter. The factorize@s,) was related to lamellar thickness and
distribution, and 1,,(s,) was related to the lateral size of lamellar digkhe lateral dimension
were infinitely large, 1,,(s,) became as function and could be ignored. In the chosen syste
before stretching, the lamellar lateral size wasuamed to be relatively large when compared
with the lamellar thickness. Thus, the terip(s,) could be ignored. However, with strain
being increased, the lamellae were destroyed amddiresponding sizes became smaller. Thus,

the lateral size effect should not be ignored.

114



To illustrate the effects of lamellar later&esand lamellar orientation on the scattering
patterns, several 2D SAXS patterns are shown iargi§.8. The simulation was made based on
the variation of two parameters: lamellar lateiab$ and lamellar orientation parametgras
given earlier. Bothl ,(s,) and I,(s,) intensities were calculated using a Gaussianibligton
function. The scattering center was set at s =nfn1, corresponding to a length scale (i.e., long
period) of 10 nm. The chosdnvalue of 50 nm in Figure 5.8(A) and 5.8(C) wash#igantly
larger than the long period (10 nm). In these gabesorientation effect dominated the scattering
profile. In Figure 5.8(B) and 5.8(D), thevalue of 5 nm was comparable to the long peridéd (1
nm), where the effect of lamellar lateral size donbt be ignored. The pattern 8(D) was quite
different from 8(C) and resembled the PP-O-5 SAX8quns at high strains, indicating that the

PP-O-5 sample at high strain possessed high lanwgientation but small lateral dimension.
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Figure 5.8 Calculated 2D SAXS patterns based derdifiit lamellar orientation and lateral size.
A(p=5b=50mm):Bp=5b=5nm): Cp=50,b=50nm): Dp=50,b=5nm).

From the SAXS patterns in Figure 5.7, one caaldclude that at high strains, the effect of
lamellar lateral size became pronounced, especiallycopolymers with low octene content.
However, it is not easy to separate the effectmmiellar orientation and lateral size from the
scattering patterns, even though the system wasmask a lamellar two-phase model (i.e.,
crystal phase and amorphous phase) [38, 39], bec#lus real system was normally
polydispersed and the measured intensity profiethe SAXS patterns were often broad and
weak. In this study, a semi-quantitative method wsed to deal with this problem. Profiles of
the scattered intensity at three differanpositions (in different polar angles) were measured

from the scattering pattern. The obtained profilese then fitted by the expression of scattered
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intensityJ (s,¢) shown in the data analysis part at fixedalues. The lamellar lateral sibeand
Hermans’ orientation parametes Rere obtained by averaging the fitted values olehifrom
the three scattering profiles at differemtvalues. Similar approach was also used in the
propylene-1-butylene system recently [30]. Hereatild help to quantitatively understand the
lamella crystal deformation mechanism of propyléractene copolymer under stretching. The
typical fitting process for PP-O-8 at strain 1008tshown in Figure 5.9. The obtained lamellar
lateral sizeb = 9.4 nm and the orientation parameter 3.0 corresponded to a Yalue of 0.33.
Figure 5.10 and Figure 5.11 illustrate theirfgt results of lamellar lateral size and
Hermans’ orientation parametes r three propylene-octene copolymers at diffesgrdins. It
should be mentioned that these results were olstaonéy at strains larger than 100% because
the scattering patterns at lower strains did neehaufficient resolution to yield the information
of lamellar lateral size. In addition, for PP-O+#daPP-0-8 samples at strains 500% and 700%,
the scattered intensities were quite weak and tiodilgs were narrow rectangular shaped
(indicating very high lamellar orientation). In $htase, the following procedures were taken. The
scattering patterns were first integrated along she direction. Assuming that Hermans’
orientation parameters,Rvas 1 because of the very high orientation, thegmated profiles
could be directly fitted by using a Gaussian equmato obtain the lamellar lateral size. In Figure
5.10 and 5.11, all three samples showed a genmeral bf decreasing in the lamellar lateral size
and increasing in the,Ralue with strain, as expected. The WAXD resulesevalso compared
with the SAXS results to obtain a complete pictaféhe morphological and structural changes

at different scales. It was interesting to findttR&-O-5 had the highest value of crystallinity (by
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WAXD), which was consistent with the observatioattthe initial non-deformed PP-O-5 sample
possessed the largest lamellar lateral size. Upeicking, the lamellar lateral size of PP-O-5
was found to decrease rapidly, whereas the latwr&l decreased gradually in PP-O-8 and
PP-O-10 samples. In addition, the PP-O-5 samplébieti the smallest crystal size at strain
700%, indicating that the behavior of strain-indlickamellar fragmentation was most
pronounced in PP-O-5. However, from the WAXD resuRP-O-5 exhibited an initial drop in
crystallinity around the yield point but a subseguscrease at higher strains. One possible
explanation is that the stress was mainly conctatran the crystal chains in the lamellar
domain where intra-lamellar slip occurred at higiaias. The continuous occurrence of lamellar
fragmentation led to smaller lamellar lateral sizBsit the stretching process also induced
secondary crystallization resulting in the generatiof more small crystals having high
orientation along the machine direction, being &xieat with the orientation parameter results in
Figure 5.11. With higher octene content, the laaradrientation parameter became lower. This
was also observed by the orientation evaluationcuofstal reflection peak in WAXD
measurements. These kinds of transformation wepmrted before in ethylene-1-octene
copolymer system during deformation [40, 41], con&d by using WAXD and SAXS, where
similar processes were named as the transform&tom lamellae crystals into the microfibrils

structure.
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Figure 5.9 SAXS fitting of polar distributions oftensity at three different s positions for
PP-O-8 at strain 100%.
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Figure 5.10 Change of lamellar lateral size asnetfan of strains during stretching in different
propylene-octene copolymers, as estimated from Spat&rns.
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Figure 5.11 Hermans’ orientation parameter of d#feé propylene-octene copolymers at
different strains during stretching as obtainedfiS8AXS patterns.

The lamellar long period was estimated from thigrated SAXS profiles along the
meridian direction and the results are shown irufggb.12. This long period was the sum of
crystal layer thickness and amorphous layer thiskné was interesting to note that the initial
long period of PP-O-5 was around 11.5 nm, which sraaller than that of PP-O-10 (13.9 nm).
However, the initial crystallinity of PP-O-5 wasggsificantly larger than that of PP-O-10 in
Figure 5.6. A reasonable explanation for this phesmon could be that at low octene content,
due to the low ordering of the crystal phase, dradlla crystals were loosely dispersed in the
amorphous matrix. Thus, the amorphous layer thiskne PP-O-10 became larger when
compared with PP-O-5. During stretching, the loegqa increased initially in all three samples
with strain to the yield point. Typically, lamellgnickening or crystallization along the chain

folding direction could lead to an increase in libvey period. However, this could not be the case
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here as the crystallinity of PP-O-5 and PP-O-8dalireased, as shown in Figure 5.6. Thus, a
more likely explanation could be that the tensdecé could extend the entangled chains in the
amorphous region, thus increasing the amorphogkrbss and the long period. After the yield
point, the long period of both PP-O-8 and PP-O-df@es gradually reached a plateau value,
while that of PP-O-5 decreased continuously. From YWAXD results, the crystallinity of
PP-O-5 was found to increase in this period. Basethe combined SAXS and WAXD results,
it could be that both the lamellar fragmentatiohrqtigh intra-lamellar slipping) and the
strain-induced crystallization were dominant med$ras during deformation of PP-O-5 at large
strains. In contrast, the lamellar fragmentationswaot a dominant mechanism during

deformation of PP-O-8 and PP-O-10, where the larigpd did not change significantly at large

strains.
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Figure 5.12 Long period distance of different prepg-octene copolymer at different strains
during stretching as obtained from SAXS patterns.
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In PP-O-10 and PP-O-8 samples, a notable equatwadtering streak was observed after
large strains (i.e., strain 500% for PP-O-8 andistB00% for PP-O-10, as seen in Figure 5.7),
but the appearance of the equatorial streak wasobeibus in PP-O-5. The origin of these
equatorial streaks in the SAXS patterns was stillentirely clear, but they clearly indicated the
existence of rod-like structures along the stretghdirection. One likely scenario for these
rod-like structures could be that they consistedurdfdles of extended-chain crystal segments
(they are often termed microfibrils) superimposathwelongated microvoids [42]. The PP-O-10
sample seemed to have the highest tendency totf@se structures.

It should be noted that from WAXD results, ttwystal orientation parameters could be
calculated by analyzing the distribution of certa@flection peaks, and the crystal size
information could also be estimated through thethviof the appropriate reflection peak using
the Scherrer equation, which had been done quiténely. However, the calculated crystal
orientation parameter and crystal size from WAXDravguite different from the parameters
(lamellar orientation parameter and lamellar ldteiae) obtained from SAXS as illustrated
above, partly because SAXS could detect the streigtua larger length scale (i.e., the lamellar
level), whereas WAXD could detect the structureaismaller scale (i.e., the crystal unit cell
level). As the chosen semi-crystalline system caolakist of crystalline lamellar structure based
on mosaic small crystals [43], the SAXS resultsusth@llow us to obtain new insights into the
change of lamellar structure during stretching ofyplefin copolymers. The demonstrated
methodology to separate the effects of lateral lEmsize and lamellar orientation for the SAXS

analysis will be particularly useful for the ana$ysf other similar systems.
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To further evaluate the elasticity of these propglectene copolymers, step-cycle tensile
tests were performed at strain 50%, 100%, 200% 3D@P6 sequentially at 60 °C. The
corresponding stress-strain curves are shown iar€ig.13. Similar to the results in Figure 5.2,
the addition of octene comonomer to the propyleigaificantly decreased the yield stress.
PP-O-5 showed a clear yield and neck region indtnetching curve for each cycle, while
PP-0O-8 and PP-0-10 did not and they behaved mkeeslastomers. To illustrate this point, the
following analysis was made. The recovery ratiodferent propylene-octene copolymers at
different straindrom the step cycle tensile testing is shown inuFég5.14. It was seen that the
propylene-octene copolymer with higher octene aurgbowed a higher recovery ratio. PP-O-8
and PP-0O-10 thus exhibited much higher elasticitygared with PP-O-5. It was interesting to
note that the recovery ratio was almost above 8@alf the cycles for PP-O-10, behaving like a

decent thermoplastic elastomer.
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Figure 5.13 Stress-strain curves of propylene-a&cteopolymers during a step cycle tensile
experiment at 60 °C.
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Figure 5.14 Recovery ratios of propylene-octeneobopers from step cycle tensile testing at
strains 50%, 100%, 200% and 300%.

For semi-crystalline copolymers, such as poblyeine copolymer and polypropylene
copolymer, previous studies showed that the addiibcomonomer would have a significant

influence on the change in elasticity in the systesmere these materials could be classified into
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different types according to their morphology, thal behavior and crystal structure [13, 44]. In
general, with the increase in comonomer conteeir thechanical properties gradually changed
from thermoplastic-like to elastomers-like. Theules in this study are consistent with earlier
findings. To be specific, the low octene contemhgle (PP-O-5) exhibited larger crystallinity
and larger crystal size than the high octene corsample (PP-O-10). In the low octene content
sample, the tensile force was probably concentratedhe lamellar crystal, resulting in a
decrease in crystal size through intra-lamellappstig or lamellar fragmentation. However,
under further stretching, the strain-induced ciyigition could occur, leading to an increase in
crystallinity. The destruction (fragmentation) bétlamellar structure was an irreversible process
as most thermoplastics, which often had higher meiclal strength but lower elasticity. For
copolymer with higher octene content, the sampleibéted lower crystallinity and smaller
crystal size. During the stretching process, thecfowas probably concentrated on the
amorphous region where the lamellar structure didchange significantly. Under this condition,
the amorphous chains were stretched with higheentation that might even lead to
micro-fibrillar and/or micro-void structures, whilthe orientation of lamellar crystal could
remain lower than that in low octene content copay. In this system, the structure change
could be reversible under certain conditions, whichld be the reason why PP-O-10 had higher
elasticity. Schematic illustration of lamellar fragntation and deformation during tensile
experiment is shown in Figure 5.15. In ethylenespetor propylene-octene copolymers, if the
comonomer content were high enough, the crystalézaequence would decrease leading to

smaller spherulites and thinner lamellae. It wamred that the corresponding crystal structure
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could also consist of mesophase crystals or smaéltar crystals [13, 45-47]. These small
crystal domains could act as cross-linking pointshie network structure connecting entangled

polymer chains, similar to the vulcanized rubbestem.

Low octene
copol vmer

Strain increases

II.,
ﬁ%&%\% % %@ n
f D —_— 1gh octene
copolvmer
N s s H

Figure 5.15 Schematic illustrations of lamellargireentation and deformation due to tensile
deformation.

5.4 Conclusions

Propylene-octene random copolymers at differeate concentrations (i.e., 5%, 8% and
10%) were studied bin-situ WAXD and SAXS measurements to monitor the charidganoellar
structure, orientation and crystallinity during axial stretching. Copolymers with lower octene
content exhibited higher crystallinity and largerystal size. During stretching, lamellar

fragmentation through intra-lamellar slipping cowdcur in these copolymers, leading to a
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decrease in crystal sizes. The corresponding dlipgita generally decreased initially and

increased subsequently at high strains due tonsimduced crystallization. The overall lamellar
orientation of these materials along the stretchdirgction at large strains was also high. For
copolymers at high octene contents, they behavee tike elastomers. Their initial crystal sizes
were relatively small and they did not change sarislly with strains. Upon stretching, the
applied force was mainly concentrated on the anwmrphregions leading to elongated
microfibrillar or microvoid structures with highientation but lower lamellar orientation. These

materials also exhibited higher recovery ratiohia step-cycle tensile test.
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Chapter 6. Conclusions

Polyolefin is one kind of important polymer prodsiat industry. During manufacturing, the
processing condition would greatly influence thgstal structure and the final properties. In this
dissertation, different kinds of polyolefin basealymers, including single component materials
and composite materials, were used to study thestadligation, morphology, structure,
performance and the relationship among them dutiffigrent processing conditions.

In Chapter 1, isothermal crystallization behaviaf high density polyethylene/silica
(HDPE-SiIQ) nanocomposites with different Si@ading of 2 % and 5 %, along with the neat
HDPE sample were studied by using the time-resowité angle X-ray diffraction (WAXD)
and small angle X-ray scattering (SAXS) techniques. isothermal crystallization at 120 °C,
WAXD patterns showed that HDPE-Si2% had the highesting crystallinity, while
HDPE-Si5% had the lowest value. Avrami exponentpafe HDPE was about 3.7, while
HDPE-Si2% had a value of 3.1 which indicated adgjtyy heterogeneous nucleation behavior
with the addition of silica in HDPE. SAXS pattersisowed that the silica structure inside HDPE
did not change significantly during the isotherntaystallization process. The structure of
HDPE-SIQ during crystallization was sketched based on ttained results.

In Chapter 2, these silica-HDPE nanocompositesgalith the neat HPDE samples were
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further characterized under the uniaxial stretchemgeriment as to investigate the influence of
silica filler on the tensile performance. Silicdldii HDPE samples showed better yielding
strength. From SAXS patterns, the silica networlcitire in nanocomposite would show strong
scattering intensity in low scattering angle regam the structure remained during stretching.
Oscillatory shear measurement confirmed the intema@mong the silica particles in the silica
network and polymer matrix.

In Chapter 3, a specially designed cross-slot flaell was used to generate
extension-dominant flowlIn-situ SAXS measurements were performed to investigage th
extensional flow-induced crystallization of isoiacpolypropylene iPP) melt with weight
averaged molecular weight ()of 330,000 g/mol. Different strain rates (fron 47 to 34.7 &)
and strains (from 116 to 580) were applied. It Vieasd that the formed precursor structures,
shish and kebab, were closely depended on theatkar extension flow applied. There existed
a critical strain rate on the formation of flow-unmed precursor structures. Mechanism of the
shish and kebab formation was discussed.

In Chapter 4, an ionic liquid (IL) 1-docosanyl-3-mg@imidazolium bromide was
incorporated into ultra-high molecular weight pdlygene (UHMWPE) and formed the
IL/UHWMPE blend by solution mixing. The structuravolution of this blend during uniaxial
stretching was followed bin-situ WAXD and SAXS techniques. During deformation abrmo
temperature, the elongation-to-break ratio of th& HMWPE blend increased by 2 - 3 times
compared with pure UHMWPE, where the blend did rose the tensile strength.

Deformation-induced phase transformation from atftbmbic to monoclinic phase was
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observed in both blend and neat UHMWPE. During deétion at high temperature (120 °C),
no phase transformation was observed in both sanplewever, the blend showed better
toughness, higher crystal orientation, and tiledéllar structure at high strains.

In Chapter 5, the crystal structure evolutions ofesial of propylene-1-octene random
copolymers with different octene comonomer con@giains during uniaxial stretching at 60 °C
were characterized byn-situ WAXD and SAXS techniques. With higher octene cahte
copolymer had decreased elastic modulus and yieédssin stress-strain curve and behaved
more like elastomer. Besides, less crystallinitg &ss orientation were found in high octene
sample under deformation. Step-cycle tensile testved that copolymer with higher octene
content had higher recovery ratio. From the 2D SAé&ern simulation, it was found that in
low octene content sample, intra-lamella slip haygpleand lateral lamella crystal size decreased
fast. Stress might concentrate on the lamella ahgiring stretching. For high octene content
sample, stress might concentrate on the amorphaiisxnteading inter-lamella slip, and lateral
lamella size only slightly decreased. The schemstiacture change of propylene-1-octene
copolymer under deformation was presumed to exjplaendifferent elasticity behavior in these

copolymer samples.
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