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4.1.4 FT-Rheology at low strain amplitudes and extension of van Gur p-Palmen method

For strain sweeps conducted at low ~,, one can conclude that the measured ®;(~y,) remains
stable for low strain amplitudes. The relative phase @5 at low strain amplitudesis sensitive to
the presence of LCB. For ~, = 0.5, the noise level is still low enough for an accurate detection
and quantification of non-linearity. This happens despite the fact that the measurement is per-
formed approximately in the linear regime, if it is defined as the regime where G’ and G” are
not yet affected beyond the reproducibility of rheological measurements, e.g. less than 10%
change in moduli values. In this work we consider the measurement to be performed in the
linear regime when I3,; < 1%. It is worth mentionning that purely linear rheology is an ap-
proximation, albeit highly accurate and in fact, materials will always respond in a non-linear
fashion. FT-Rheology offers the advantage to quantify the occurring non-linearity at an early
stage.

As seen in strain sweep measurements, in most cases ®5(v) for polyethylenes reaches
a plateau value of 150° -170° at high ~, when strain sweeps are preformed, as illustrated in
fig. 4.6-4.10. This could suggest that 5 is more appropriate for differentiating topologies
at small strain amplitudes, eg. v, < 1. Furthermore, ®3(v,) levels off for 0.5 < v < 1,
where v, = 0.5 is the lowest strain amplitude for which our optimised setup can still quantify
reproducible non-linearities for the specific samples. Taking advantage of this lower plateau
value ®3 measured at low strain is extrapolated to zero strain amplitude. In this limit ®}
(lim.,—o®3 = ®Y) can be an effective quantity for “fingerprinting” LCB.

The van Gurp-Palmen method consists of performing a frequency sweep in the linear
regime and plotting ¢ (strain -stress phase lag in linear rheological regime) against the magni-
tude of the complex modulus, | G*(w) |, normalized to the plateau modulus, G, [Trinkle 02].
This method is extended to include the non-linear information and the phase of the third
harmonic at vanishing strain amplitude, ®$. Measurements are performed with the ARES
rheometer, for a range of complex modulus | G* |, and are displayed in fig. 4.16. When &}
is plotted against | G*(w) |/GY, thereis a clear discrimination between linear polyethylenes
and LCB. Linear polyethylenes exhibit a @ lower than LCB for | G*(w) |/G%; up to 0.1. For
higher moduli (or higher excitation frequencies) linear samples can exhibit a higher 3. The
same trends are shown also for samples of higher polydispersity (PDI of 5-8), in fig. 4.17.
The measured @ plotted against Deborah number is displayed in fig. 4.18. Within this chap-
ter, the Deborah number is defined as De = wAr, where w is the angular frequency and A
is the characteristic relaxation time, defined by the lowest frequency where tan § = 1. This
characteristic time corresponds to the lowest inverse frequency w. wheretan ¢ = 1, referred to
as 7, in chapter 1. Theresults are found to be reproducible ( = 4+ 10°) for all sets of linear and
branched samples.

Due to the importance of detecting LCB in PE, it isworth identifying the experimental
conditions to obtain a maximum contrast between linear and LCB polyethylene towards the
LAOS response. Long-chain branched polyethylenes present higher non-linearities for fre-
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Figure 4.16: Extended van Gurp-Palmen plot. Phase lag ¢ and zero-shear relative phase of 3¢
harmonic, ®Y, as a function of complex modulus normalized to plateau modulus, | G* |/GY;, for LCB
and linear polyethylenes of samples with PDI ~ 2. GY; values used: for mLLDPE 0.60 MPa, for
L120_2 0.54 MPa, for LCBmLLDPE 0.59 MPa and for LSCB1_71_2.3 0.37 MPa.
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Figure 4.17: ) as a function of complex modulus normalized by plateau modulus | G* |/IG%;, at
T = 180 °C, for polyethylenes with PDI ~ 5-8. G values used: for L1 117_5.1 0.31 MPa, for
L2-SCB_103_4.2 0.44 MPa, for LCB4_145_8.6 0.3 MPa and for LCB1_123_7.1 0.25MPa.
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Figure 4.18: @9 at T= 180 °C versus Deborah number (De = w7), for linear and LCB PE with PDI
~ 5-8.

guencies and temperatures corresponding to the terminal zone of the linear spectrum as can
be seenin fig. 4.19. Thisisalso confirmed by measuring branched and linear samples at dif-
ferent tan 0. Resultsfor two samples are presented infig. 4.20. For increasing tan § the I3, of
the LCB polyethylene exceeds that of the linear polymer and the difference between I3/, 1o
and 51 jinear 1S larger.
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Figure 4.19: Sorage and loss moduli, G' and G” from dynamic mechanical measurement at T =
180 °C, for linear and branched polyethylenes, mLLDPE and LCBmLLDPE.
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Figure 4.20: I3,; for mLLDPE and LCBmLLDPE, v, = 3, at different tan ¢ in the linear regime.
Measurements performed with the RPA2000 rheometer.

4.1.5 Influence of molecular weight and molecular weight distribution

It iswell known that molecular weight and molecular weight distribution have a strong influ-
enceintherheological propertiesof PE. According to Vegaet a. [Vega 98] and Wood-Adams
and Dealy [Wood-Adams 00], the effects of LCB on the rheological response can be masked
by polydispersity and molecular weight. This statement is also true for the non-linear regime
and the measured non-linearities via FT-Rheology, as already seen in chapter 3. Thus, it is
crucia to separate the effects of an increased M, and PDI from that of an increasing LCB
content, with respect to I3/, and ®s.

Analyzing the non-linear behaviour of the linear and SCB samples, it is clear that
higher M, leads to higher non-linearity. It can also be seen that a broader molecular weight
distribution (as quantified by PDI) leads also to an increased I3,(7) and ®3(v,). From
eg. 4.2 with parameters M,, and PDI and assuming linear topology, I3,1(vo) can be predicted
for all linear samples. The validity of this approach is demonstrated by the prediction of
I3/1 (o) for two polydisperse linear polyethylenes (fig. 4.14).

When branching topology is introduced as a variable, the separation of the contributions
of high molecular weight species and LCB structures in the non-linear behaviour becomes
complicated. In order to overcome this, the samples are sorted and compared according to
their PDI and M,,. Results show a predictable effect of M, in the development of non-
linearities (fig. 4.6-4.10). When the molecular weight and the distribution is known (i.e. M,
PDI) and comparable for aset of investigated samples, LCB leads to an additional increase of
I5/1(70) and ®3(7) at low frequencies (fig. 4.11, 4.12). The extended van Gurp-Palmen plot
including ®9 can be used as another method to isolate the influences of LCB and molecular
weight distribution (fig. 4.16 - 4.18). It must be noted that the experimental setup of the
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RPA2000 allows reliable LAOS measurements of high molecular weight samples (up to
M, = 234 kg/mol with PDI up to ~20 in our case) at large v, where normal forces are
prominent. The ability to minimize the effect of the resulting normal forces with the closed
cavity in the RPA rheometer has a significant impact on the applicability of this method to
high molecular weight materials.

4.1.6 Detection of LCB and correlation between NMR and FT-Rheology

The“fingerprinting” and characterization of LCB polyethylenesis a challenge which requires
information obtained from several techniques and methods. For this reason, FT-Rheology
results are correlated with 13C melt-state NMR measurements. However, if the investigated
polymer contains short-chain branches incorporated as comonomer, or formed by the catalyst,
NMR may overestimate the degree of LCB. Thisis due to the fact that SCB of more than 6
carbons and LCB may not be distinguished in the resulting NMR spectra and their intensity
sums up. Due to this inability of NMR to estimate whether a side-branch of more than 6
carbons is short (My,qnen < M) or long (My,anen > M,), the values obtained are related to
the maximum possible degree of LCB only. This is illustrated by sample LSCB1_71_2.3
with 18.9 LCB/1000 CH,. It is short-chain branched because of the presence of co-octene
and the actual number of LCB could be significantly lower (see fig. 4.13). Another example
involves samples with the same measured L CB/1000 CH,, content (i.e. LCB2_234_15.6 and
LCB3_199_19) which present different non-linear behaviour, as shown aso in fig. 4.13.
They have various low amounts of branching with more than 6 carbons. Thus, the actua
LCB/1000 CH, may differ between them.

An additional parameter is the distribution and variation of branching in a LCB
polyethylene, which cannot be directly measured with melt-state NMR or rheology. It
is one of the key factors in the rheological behaviour [Lohse 02] and gives an additional
possible explanation to differencesin I3/, and 3 observed between polyethylenes with the
same measured LCB/1000 CH, content. Another example is L2-SCB_103_4.2 which has
no rheologically detected LCB, but via NMR is found to have a high degree of co-butene
incorporation (SCB). However, whether the comonomer affects the chemical reaction of LCB
formation in the system is under discussion [Stadler 05].

L ong-chain branching increases the non-linearity, as quantified by /5,, and ®3;. However,
for a branching level above a specific LCB/1000 CH; we can expect that non-linearities
are decreasing. This could follow the behaviour described theoretically [Bersted 85] and
experimentally [Vega 98, Vega 99] for the case of zero-shear viscosity. For LCB contents
above a specific level, the effect from the decrease in radius of gyration becomes dominant
and the side-arms act as plasticizers. Inasimilar way, amaximum in the non-linear behaviour
for a LCB level can be observed experimentally, beyond which I3/, decreases. This can
therefore be explained as the result from the above competing factors. It is possible that
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polyethylenes of M, ~ 100 kg/mol with an average LCB higher than 0.8 LCB/1000 CH, can
exhibit aless pronounced non-linear behaviour. A similar observation is concluded for higher
molecular weight LCB materials (M, ~ 200 kg/mol) for an average degree of 0.5 LCB/1000
CHs,.

4.1.7 Optimized LAOS measurement conditions for differentiating LCB

Schlatter et al. [Schlatter 05] performed LAOS at constant Deborah numbers, using extremely
low frequencies (w; = 0.193 rad/s or wi\. = 0.07, where ). = 1w, and w. was defined as
the frequency for which the Cole-Cole diagram reaches a maximum) and at a temperature
of 150 °C using solely an ARES rheometer. An open-rim cone-plate geometry was utilized,
with a maximum strain amplitude of v, = 4. Within this thesis, it is shown that /3, of LCB
polyethylenes deviates strongly from the one measured for linear and SCB samples, at strain
amplitudes 3 < 7, < 7. Above these deformations, the differencesin I3/, () and ®3(,) of
different topologies are not always significant (e.g. fig 4.12). For v, < 3, the RPA2000 is not
sensitive towards the detection of the higher harmonics, especially for low molecular weight
samples. With the use of the ARES open-rim geometry, there are stability issues originating
from the open plate geometry and the increasing normal forces, especially at v, > 2 and
wi /27 = 0.1 Hz. Within this work, we apply a strain amplitude 0.5 < v, < 10 by combining
results from both rheometers, at two temperatures 140 °C and 180 °C, with the frequency
varying between 0.01 Hz and 5 Hz, to obtain an optimised contrast between linear and LCB
polyethylenes.

The zero-shear phase of the third harmonic, @9, deduced from measurement of non-
linearities at low strain amplitudes is another promising method to discriminate LCB from
linear polyethylenes. This particular phase analysisis applied to compare samples of different
topology separating the effect of LCB from that of molecular weight distribution on the
rheological behaviour. This “fingerprint” of linear and LCB-polyethylenes can be easily
presented by extending the van Gurp-Palmen plot to include the non-linear rheological
behaviour (fig. 4.16, 4.17, 4.18).

Results shown in fig. 4.15 - 4.18 suggest that low frequencies are more appropriate for
discriminating the non-linear rheological behaviour of LCB and linear polyethylenes. Large
amplitudes are needed for a better discrimination between linear and branched polyethylenes
onthe basisof I;,,. Considering all the above factors, astrain amplitude v, = 2 - 4 and atypi-
cal frequency of w; /27= 0.1 Hz at 180 °C, are currently seen as the best empirical conditions
towards the differentiation between LCB and linear polyethylenes using FT-Rheol ogy.

The presented results in fig. 4.16, 4.17, 4.18 are in agreement with those shown in
fig. 4.15, and suggest that the effect of L CB is more pronounced in the terminal zone (high tan
). This can be understood if one considers that the characteristic time of the measurement
should be such that the effects of branches of a macromolecule are probed. When LAOS is
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applied at frequencies w; > w,. (equivalently at low tan ), the investigated length scale can
be smaller than the distance between branches of the polyethylene macromolecules. LCB
non-linearities increase with increasing tan 4. At higher tan ¢ values, the /5, and ®; curves
for linear and LCB exhibit a crossover point. For tan § larger than the crossover value (for
the case in fig. 4.20 crossover tan § ~ 5), I3, Lcp is higher than I3/, jineqr 8 Can be seen in
fig. 4.15 - 4.18. Thus, the effect of LCB is reduced in this frequency range and the difference
between LCB and linear polyethylenes is not pronounced. The investigated polyethylenes
possess characteristic relaxation time of the order of 7 = 1/weross0ver = 1072 5- 1073 sand
exhibit a weak temperature dependence. In order to extend the study at very high Deborah
numbers, high frequencies are needed. However, LAOS at frequencies w; > 5 Hz is not
possible with the current experimental devices.

In the case of polyethylenes with no LCB detected, the molecular weight and the
molecular weight distribution are considered as the only parameters affecting their non-linear
behaviour. Consequently, I5/,(vo) for the linear and SCB polyethylenes is predicted from
corresponding M,, and PDI using eq. 4.2. Using the molecular weight distribution, the
non-linear behaviour of a polydisperse polyethylene with linear topology can be predicted
(see fig. 4.14) and lead to a developement of a more elaborated equation which includes
topological features of the polymer.

4.2 Application of FT-Rheology towards blends of linear and LCB in-
dustrial polyethylenes

With the use of FT-Rheology and the correlation with **C NMR results as introduced in the
above paragraphs, it is shown that a “fingerprint” of the non-linear rheological behaviour of
LCB PE materials can be obtained. Sparse LCB and SCB of adegreeaslowas~ 0.1 LCB +
SCB/1000 CH,, can be detected. However, this estimated branching degreeis an average value
for al the species included in the PE melt. A polydisperse industrial material may consist of
macromolecular chains with topologies varying from linear to species of a high branching
degree. Within this paragraph, the limits of detectable LCB PE material in a polydisperse
(in molecular weight and in topology) PE melt are studied by applying FT-Rheology. For
this purpose, blends of industrial polyethylene consisting of a linear and a LCB component
of similar M, and PDI have been specifically prepared. The concentration of the LCB
containing component varies from 1.5 wt % to 94.5 wt %. Asit is presented below, a very
low concentration of LCB material to alinear PE melt can be detected (1-5 wt %) viathe use
of LAOS and FT-Rheology.

A similar approach was presented by Stange et al. [Stange 05] for quantifying LCB
in polypropylene. The authors blended linear PP and LCB PP samples and applied size
exclusion chromatography (SEC) coupled with multi-angle laser light scattering (MALLYS)
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using the mean square radius of gyration as a parameter to detect L CB. Rheol ogical measure-
ments where also undertaken and specifically oscillatory shear and extension experiments. A
logarithmic mixing rule was applied to predict blend zero shear viscosity, 7, as a function of
the volume fractions and of 7, of the two blend components.

Blends of linear or SCB with LCB polyethylenes have been extensively studied in the
past, with respect to their thermal, rheological and mechanical properties [ Yamaguchi 99].
Rheological methods, namely: Cole-Cole plots (loss viscosity, n”, versus storage viscosity,
7', loss modulus, G”, versus storage modulus, G’ plots and melt complex viscosity, |*(w)],
plotted against blend composition were undertaken by Kwag et al. [Kwag 00]. The authors
combined the results with morphological studies and examined the miscibility of mPE
and high-density polyethylene (HDPE) blends. Perez et al. [Pérez 05] applied rheological
techniques to study blends of metallocene linear low-density polyethylene (mLLDPE) and
low density polyethylene (LDPE), focusing in their miscibility and processing features.
Thermal and rheological properties of mLLDPE/LDPE blends were also investigated by
Fang et al. [Fang 05]. The authors used dynamic scanning calorimetry (DSC) and oscillatory
shear measurements. The miscibility of mLLDPE materials containing different types of
comonomer with LDPE of broad molecular weight distribution was determined. For this
purpose, the zero shear viscosity of the blend and the complex viscosity were used, along
with the calculated relaxation spectrum. The applicability of a logarithmic mixing rule
was also examined. The majority of the samples followed this empirical rule, nevertheless
deviations for some blends were found and were attributed to the thermo-mechanical history
of the specific materials.

In the present paragraph, the quantities used to analyze the non-linear behaviour
of the melt sample are the relative intensity of the 3" harmonic, I;;, and the relative
phase of the 3'¢ harmonic, ®;. A quantification of the LCB content is presented via
parameters derived from fitting I5,; as a function of strain amplitude, ~,, a a fixed
excitation frequency, w,;/2m. The thermal stability of the blends is aso examined.
Taking into account the work of Kwag et a. [KwagO00], as well as previous papers
[Han 87, Xu 01, Hameed 02, Liu 00, Hussein 03, Hussein 04, Pérez 05], the miscibility of
the two blended systems at various LCB-PE concentrations is complementary investigated
using rheological techniques.

4.2.1 Investigated blends

Sixteen blends generated out of four pure components, two linear and two LCB samples,
(see Table 4.1) are investigated. The first blended system is based on mPEmIix0 as a linear
component and LCBmMLLDPE as the LCB part of varying concentration, with both samples
being metallocene-catalyzed PE of similar narrow molecular weight distribution. The second
blended system consists of the linear L1_117_5.1 and the LCB1_123_7.1, where the LCB
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Samples % wt. LCB-PE Samples % wt. LCB-PE
MPEmMIix0 0 Lmix0(L1_117_5.1) 0
mPEmix1 15 Lmix1 15
MPEMIx2 55 Lmix2 55
MPEMIx3 10 Lmix3 10
mPEmMix4 30 Lmix4 30
MPEmMIx5 50 Lmix5 50
MPEMix6 70 Lmix6 70
MPEMIx7 90 Lmix7 90
MPEMIx8 94.5 Lmix8 94.5
MPEMIix9(LCBmMLLDPE) 100 Lmix9(LCB1_123_7.1) 100

Table 4.3: Polyethylene blends. Samples mPEmix are blends from mLLDPE/LCBmLLDPE mixtures
and Lmix are from L1 117 5.1/LCB1_123 7.1 mixtures. For each batch the % wt. content of LCB
sample is given. The branching content of the pure components can be found in Table 4.1.

PE component varies in weight fraction and both are LDPE ofsimilar broad molecular weight
distribution. Details for the pure components concerning their linear and non-linear rheolog-
ical behaviour, as well as their molecular weight distribution are given in Tables 4.1 and 4.2.
Sample mPEmIxO0 corresponds to LLDPE11 in the work of Stadler et a. [Stadler 05]. Itisa
linear metallocene-catalysed LDPE, with M, = 135 kg/mol, PDI = 2.0 and it contains octene
as comonomer, resulting in a degree of 66.3 SCB/1000 CH,, as determined via melt-state
NMR.

The samples are blended using a Brabender Plasticizer. The chamber is cleaned before
each mixing process and filled with 20 g of material. Each blend ismixed at 180 °C for 5 min.
For measurements on the ARES rheometer, melt sample discs of 13 mm diameter and 1 mm
thickness are pressed, at 150 °C and 20 bars in a Weber hydraulic press under vacuum. All
measurements are performed under a nitrogen atmosphere to prevent sample oxidation. The
names of each batch and the weight fractions are given in Table 4.3.

4.2.2 Characterization of blend components

The first set of the investigated blends consists of mPEmIix0 and LCBmLLDPE varying the
weight ratios. The LCB sample has been extensively investigated in previous publications
using GPC and creep-recovery measurements [Gabriel 99], by FT-Rheology, melt-state
NMR and ssimulations using the double-convected Pom-pom model (DCPP) in Vittorias et
a. [Vittorias 06] and within the present thesis (paragraph 4.1.1). The linear mPEmix0 was
analytically and rheologically characterized in Stadler et al. [Stadler 05]. Both samples are
metallocene-catalyzed low density industrial polyethylenes. They have similar molecular
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weights and distributions (1, =~ 100kg/mol and PDI =~ 2) and both contain SCB from
using octene as comonomer. Linear sample mPEmMix0 has a higher degree of SCB, which is
found to suppress LCB incorporation [Stadler 05]. In the case of LCBmLLDPE, no accurate
number of LCB can be given. Melt-state NMR is not able to estimate whether a side-branch
of more than 6 carbons is short (Mj,gnen < M) or long (Myranen > M.) and the values
obtained are the sum of SCB and LCB. Thus, the value of 25.2 LCB + SCB/1000 CH,
given for this specific sample corresponds to the sum of SCB (from co-ocetene) and LCB
incorporated in the polyethylene chain.

All the above mentioned methods conclude that mPEmIxO0 is a linear polyethylene with
SCB and LCBmMLLDPE contains SCB and LCB. Following the analysis presented in this
chapter and considering the measured I3/, () and ®3(,) for both species, we suggest that
LCBmMLLDPE has a very low degree of LCB/1000 CH,, nevertheless detectable by FT-
Rheology and approximately 0.1 LCB/1000 CH,. Thisis also in qualitative agreement with
theresults of Gabriel et a. who studied the same material [Gabriel 98, Gabriel 99, Gabriel 02]

The Lmix blends consist of components already presented in paragraph 4.1.1. These
samples are highly polydisperse (PDI = 5.1 for the linear and 7.1 for the LCB sample). Both
have comparable M, (~ 120 kg/mol). Melt-state NMR measurements confirm the absence
of comonomer and no SCB is present in both polyethylenes. Hence, the given value of 0.2
LCB/1000 CH, for the LCB1_123_7.1 is considered to be a good estimation for the LCB
content (see Table 4.1).

4.2.3 Effect of LCB PE content in blends via SAOS and FT-Rheology

Dynamic mechanical measurements are performed at very low strain amplitudes (SAQS) in
thelinear regime, using typically v, = 0.1, in order to obtain linear viscoel astic properties of all
samples, specifically G', G” and |n*(w)|. Theresultsare presented in fig. 4.21 and 4.22 for the
mPEmix blendsand infig. 4.23 and 4.24 for the Lmix blends. In the mPEmix blends, the LCB
component has a very low LCB content and A, and PDI similar to the linear component.
The LCB sample for the Lmix has a higher relative branching degree and a higher PDI
comparedto L1 _117_5.1. Thisisthe reason for the difference in the discrimination between
the mPEmix and the Lmix blends, with respect to their moduli.
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Figure 4.21: Sorage and loss moduli, G’ and G”, for linear polyethylene mPEmix0, LCB sample
LCBmMLLDPE and the mPEmix blends at T = 180 °C with vy = 0.1
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Figure 4.22: Absolute complex viscosity, |7*(w)|, at T = 180 °C with ~ = 0.1, for mPEmix blends
(see Table 4.3).
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Figure 4.23: Sorage and loss moduli, G' and G”, for linear polyethylene L1 117_5.1, LCB sample

frequency o/2n [Hz]

LCB1_123 7.1 and the Lmix blends at T = 180°C with v = 0.1 (see Table 4.3).
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Large amplitude oscillatory shear is subsequently applied in order to study the non-linear
rheological regime. Strain sweep measurements are performed for each sample at 0.1 Hz,
180 °C and for a strain amplitude range of 0.1 < v, < 10. Thisis achieved by combining
results from measurements undertaken in the ARES and in the RPA rheometer. The resulting
stress response is analyzed via FT-Rheology. The relative intensity I3/, and the relative
phase ®5 as a function of strain amplitude (,) of each mPEmix batch, for strain sweep
measurements is presented in fig. 4.25 and fig. 4.26. The I3,1(7o) and ®3(vo) for the same
LAOS measurements of the Lmix blends is depicted in fig. 4.27 and 4.28. The shape of
the ®3(v) curve in fig. 4.28, for v, = 1.5-2.5 reflects the stability problems of the ARES
geometry at these high strain amplitudes and the instabilities that occur.

As discussed in paragraph 1.5.3, the resulted I3/,(vo) curves are fitted using eq. 1.47

0.1 RPA
] ARES

0.01 4

—o— mPEmix1
—A— mPEmix2
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—e— mPEmix4
—<J— mPEmix5
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1 T=180°C, o,/2n=0.1 Hz —0o— mPEmix9 (LCBmLLDPE)
T T T T T T T T T T L |
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strain amplitude v,

I3/ 1

1E-3 4

Figure4.25: I3, asafunction of strain amplitude 1o, at T= 180 °C and w; /27 = 0.1 Hz, for mPEmix
blends. I3/, upto o = 2.5 (ARESdata) shifted to correspond to cone-plate measurements of RPA2000.

and the parameters A, B and C derived from thisfit are presented in fig. 4.29 for the mPEmix
and Lmix blends. The non-linearity plateau value, A, and the inverse critical strain amplitude,
B (=1, where I;,, = A/2), are increasing with increasing LCB concentration, for both
blended systems.

The use of eq. 1.47 to fit 15/, (7o) requires available data in a broad range of strain
amplitudes. In order to have aredlistic value for parameter C. One needs enough accurate data
at low vy (eg. 0.1 < vy < 2). Parameter A can be estimated by fitting data at very high strain
amplitudes (for PE typically v, > 7). However, these limits are not always experimentally
reachable, as discussed in previous paragraphs. Hence, eg. 1.51 can be used, as for the case
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Figure 4.26: ®3 asa function of strain amplitude ~, at T = 180 °C and w; /27 = 0.1 Hz, for mPEmix
blends. For vy < 0.5, experimental errors are significant.
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Figure 4.27: I3, asa function of strain amplitude , at T = 180 °C and w; /27 = 0.1 Hz, for Lmix
blends. I, upto = 2.5 (ARESdata) shifted to correspond to cone-plate measurements of RPA2000.
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Figure 4.28: @3 as a function of strain amplitude y, at T = 180 °C and w; /27 = 0.1 Hz, for Lmix
blends. The shape of ®5(vy) for 79 = 1.5-2.5 is due to flow instabilities at these deformations that

occur with the ARES geometry.
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Figure 4.29: A, B, and C values derived fromfitting k(7o) at 180 °C and 0.1 Hz with eq. 1.47, for
both blended systems, as a function of wt % content of LCB sample.
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of model PS samples, for v up to 2, at 180 °C, for both blend groups. In fig. 4.30 and 4.31
parameters D and C are depicted, as afunction of LCB PE weight concentration. Fittings are
performed either by adjusting both parameters, or using D as the only adjustable parameter,
and C as derived from eq. 1.47. Parameter D displays a continuous change between the two
pure systems, while this is not clear for parameter C. The latter is however confined in fit
values between the predicted values for the pure components (see table 4.2) and in any case
near the theoretically expected values of 1.7-2 [Neidhofer 03b, Pearson 82].

In both blend series one can observe that an increasing LCB species content increases
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Figure 4.30: D and C values derived from fitting I3/ (70) at 180 °C and 0.1 Hz with eq. 1.51, for
mPEmix systems, as a function of wt % content of LCB sample.

monotonically the measured I3,,(70) and ®3(vo), as reflected in parameters A, B and D
(fig. 4.29 - 4.31). The non-linearity plateau (A) and the inverse critical strain (B) increase
with increasing ratios of LCB / linear chainsin the blend. The slope of log/s,-log(~o) at low
strains (C) remains between the values of the linear and the LCB polyethylene samples, and
close to values theoretically predicted, C = 1.7-2 [Neidhofer 03b, Pearson 82]. It should be
noted that if there is enough data available at very large +,, one can cal culate a more accurate
value of A, thus making the determination of a C with less errors possible. In the absence
of data near the I3/, () plateau, the derived values of parameter C may vary depending on
the estimation of A. Since there is a theoretical estimation for C, we can fit I3/, at low and
medium v, by adjusting only parameter D. This is done while keeping C values in a close
agreement with theory, i.e. ~2. The fitting procedure is aso performed using both D and
C as adjustable parameters and only small differences in the derived values of D are found
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Figure4.31: D and C values derived fromfitting I3/, (7o) at 180 °C and 0.1 Hzwith eg. 1.51, for Lmix
systems, as a function of wt % content of LCB sample.

(fig. 4.30, 4.31). Generaly, there is a weak dependence of C on topology and molecular
weight distribution and slopes of 1.7 - 2.5 for LCB polyethylenes are expected.

4.2.4 Extended van Gurp-Palmen method for PE blends

In paragraph 4.1.4 the relative phase of the 3"¢ harmonic at very low strain amplitudes, @9
(lim.,—o®P3 := PY) isintroduced as a potential new parameter for LCB detection. The same
method is applied to the studied polyethylene blends of known LCB PE concentration. For
all samples, ®9 is measured for a frequency range of 0.01 Hz - 5 Hz, at 180 °C. First, the
phase lag ¢ plotted against the complex modulus for all samples is depicted in fig. 4.32 and
4.33. The relative phase of the 3"¢ harmonic at very low strain for mPEmix blends is shown
in fig. 4.34. It can be concluded that an optimum discrimination between linear and LCB
topologies can be achieved at low excitation frequencies (e.9. w;/27 = 0.02 Hz-0.3 Hz).
For the case of mPEmix samples the the discrimination between the blendsis simpler with the
van-Gurp plot than with the extended @9 at higher moduli values. Hence, results are presented
from a complex modulus range corresponding to low excitation frequencies for several Lmix
blends, where the differences between blends of chaging LCB component concentration is
more pronounced (fig. 4.35).
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Figure 4.32: Van Gurp-Palmen plot. Phase lag ¢ as a function of complex modulus, |G*(w)|, for
mPEmix blends at 180 °C.
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Figure 4.33: Van Gurp-Palmen plot. Phase lag ¢ as a function of complex modulus, |G*(w)|, for Lmix
blends at 180 °C.
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Figure 4.34: Extended Van Gurp-Palmen plot. Relative phase of 3¢ harmonic at low strains (1p=0.5),
®9, as a function of complex modulus, |G* (w)|, for mPEmix blends at 180 °C. For |G*(w)| > 2x 10,
no discrimination can be achieved between the specific blends.
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Figure 4.35: ®J asa function of |G*(w)|, measured at low frequencies, w; /27 = 0.02 Hz- 0.3 Hz, for
Lmix blends at 180 °C.
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4.25 Mixingrulesfor predicting non-linearity of linear/L CB blends

Stange et al. [Stange 05] studied the rheological behaviour of blends with linear and LCB
polypropylene. The authors applied a logarithmic mixing rule between the two blend
components to follow the zero-shear viscosity. In our case a linear mixing rule is applied to
predict I3/, (o) of each blend:

I3/1 piend(Y0) = ¢(1)13(,})1 (7o) + ¢(2)[;S)1 (70) (4.3)

where ¢ is the mass fraction of each component. A second effort is also presented for pre-
dicting the non-linear behaviour of the binary blends by alogarithmic mixing rule [ Stange 05]:

nthcomponent

log(Isjipena(0)) = Y. dwlog(Ii)) (4.4)

i=1

and specifically for the studied binary blends:

log(I31,4ena(70)) = dylog(Isn (10)) + deylog(Ii (70)) (4.5)

Results for LCB concentrations of 10 wt %, 50 wt % and 90 wt % are shown in fig. 4.36
for mPEmix blends. In fig. 4.37 the results for all Lmix blends are depicted. For the
majority of the blends, both mixing rules describe in a satisfactory way the blend 73/, (o).
However for some cases, e.g. for very large LCB PE weight fractions, the linear mixing
ruleisin dightly better agreement with experimental data. In fig. 4.36 the small difference
between the predicted I3/, with eq. 4.3 and 4.5, is not clear due to the small difference of the
non-linearities between the two components and the logarithmic scale used.

The non-linear behaviour as quantified by I3/, isafunction of the LCB concentration.
Thus, it can be expected to be described by a blend mixing rule. An empirical mixing ruleis
supposed to predict the blend non-linearity from the known I3/, (7o) of the pure components
and the weight fractions, since they have similar molecular weight distribution (see eq. 4.3
and 4.5). The logarithmic rule gives better predictions for the Lmix blends and for some
cases of the mPEmix. The linear mixing equation performs better for blends with high
LCB PE weight fractions. However, both mixing rules do not describe successfully the
non-linearities of all the investigated blends. In previous works this has been interpreted



4.2 APPLICATION OF FT-RHEOLOGY TOWARDS BLENDS OF LINEAR AND LCB INDUSTRIAL POLYETHYLENES 119

00129 ¢ mPEmix3 10 wt % LCB /
<« mPEmIx5 50 wt % LCB 2
00104 ® mMPEmix7 90 wt % LCB o/
// <4 //
0.008 O
= ®/2n=0.1Hz, T=180°C Ay
0.006 -
<« 7
0.004 -
0.002 4 . - linear mixing rule
----- logarithmic mixing rule

T T
0.5 1.0
strain amplitude vy,

Figure 4.36: Comparison of experimental &, (o) and predicted fromlinear and logarithmic rule, for
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as an indication of blend immiscibility [Kwag 00]. However, one must be aware that these
are empirical rules with no theoretical basis and thus, they cannot support stringent conclu-
sions about material behaviour. The failure to describe rheological properties (linear and
non-linear) could be overcome with the use of more elaborated and theory based mixing rules.

4.2.6 Limitsof LCB PE content detectable via FT-Rheology

Polyethylenes of the mPEmix group with an LCB sample massfraction lower than 10 wt % do
not present significant differencesin the linear spectrum. However, for large strain amplitudes
(70 > 3) even sample mPEmix1 (1.5 wt % LCBmLLDPE) presents a slightly higher I/;.
For example at 7, = 5, mMPEmIx1 has a slightly higher non-linearity value compared to that
of the linear pure component, mMPEmIx0 (I3,; = 3.8% and 3.7% respectively). Such small
differences in the non-linear behaviour are close to the limits of the reproducibility of the
measurement, neverthelessit can be detected and quantified with the optimized experimental
setup at large amplitudes (see chapter 2). Concerning the LCB sample, an addition of
5.5 wt % of linear chains, is adequate to change the non-linear behaviour from that of a
100 wt % LCBmMLLDPE. Thisis also reflected in the parameters A, B, C, and D (fig. 4.29 -
4.31).

For the Lmix blends the lowest detectable LCB component concentration is 5.5 wt %
and the lowest detectable linear component weight fraction is also found to be 5.5 wt %. The
higher sensitivity of FT-Rheology for the Lmix series can also be explained by the different
and high polydispersity between the two blend components. Higher polydispersity generaly
results in higher I3,1(y0) and ®3(v,) values (see chapter 3 and paragraph 4.1.1). Hence,
adding a very small weight fraction (e.g. 1-5 wt %) of a sample with a higher PDI into
a linear PE will cause an additiona increase of non-linearity, via the broadening of the
molecular weight distribution. This increase of I5/,(y) and ®3(vo) is thus attributed not
only in the presence of more LCB chains but also in the presence of larger macromolecules,
as discussed in the paragraph 4.1.1 and in chapter 3. One additional factor may be that
the chains in the high molecular weight tail (M > 300 kg/mol) of the distribution for the
LCB1_123_7.1 can contain a higher relative branching degree. Hence, a relatively small
amount of this component (1-5 wt %) is enough to induce a different non-linear rheol ogical
behaviour under LAOS conditions as recorded by FT-Rheology. as a comparison, the
analysis of the moduli measured in the linear regime with SAOS is sensitive to LCB PE for
concentrations higher than 30 wt % for mPEmix and higher than 10 wt % for the Lmix blends.
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4.2.7 Mélt stability and miscibility of the studied blends

Within the blend analysis, only rheological techniques are used in order to check the miscibil-
ity and stability of the blends. Anaylisisviadifferential scanning calorimetry (DSC) [Fang 05]
or scanning electron microscopy (SEM) [Kwag 00] is not presented. It has to be taken into
consideration that all four blend pure components are industrial samples and contain stabiliz-
ers and no degradation is observed during the experiments. Large amplitude oscillatory shear
tests performed at low frequencies w, /27 = 0.01 Hz and at test temperature of 180 °C show
that the samples mPEmix0, mPEmIx9, Lmix0 and Lmix9 are stable towards their moduli and
non-linear properties (15,1, ®3), for more than 2h (typical duration of LAOS measurements).
The homogeneity of the blends s initially examined by monitoring the resulting torque
in the Brabender mixer as a function of time. In fig. 4.38 the torque is plotted against the
mixing time for two blends, mPEmix5 and Lmix5. We can conclude that the mixing timeis
adeguate to achieve a homogeneous blend.
Furthermore, linear properties (G’, G”, tan §) of each blend are measured with frequency
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Figure 4.38. Torgue measured in the Brabender plasticizer as a function of mixing time, for blends
MPEmix5 and Lmix5 at 180 °C.

sweeps using low strain amplitudes (typically v, = 0.1) before and after each non-linear mea-
surement and within reproducibility no differences are found in the linear rheological spec-
trum, which is a strong evidence of blend stability at the specific experimental conditions.
Finally, for each strain sweep at LAOS conditions (/31 (7o) and ®3(~,) measurements) and
for each frequency sweep for ®J(w) measurements, new samples are used.

The miscibility of the blends is investigated by applying LAOS for more than 2h, at T
=180 °C, wy/27 = 0.1 Hz, with 7, = 0.5. The complex modulus, |G*(w)|, normalized to the
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initial complex modulus |G*(w)]o (at t = 0 sec) and 5/, recorded is presented in fig. 4.39 for
sample Lmix5. Theincrease of |G*(w)| is negligible (< 5%) and the relative intensity of the
3 harmonic is also quite stable (0.16 + 0.01%). This suggests that no phase separation takes
place, at least during the time needed for a series of SAOS (measurement of G', G”, tan 9),
LAOS strain and frequency sweep measurements. The studied blends are stable at the specific
conditions [Stange 05].

In order to further verify the miscibility of all blends via rheological techniques in
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Figure 4.39: Blend stability. Complex modulus normalized to complex modulus at time t = 0,
|G*(w)| / |G*(w)|o and relative intensity I/, as a function of time for LAOS at 180 °C, w1 /27 =
0.1 Hzand vy = 0.5.

fig. 4.40 and 4.41, the Cole-Cole plots and the G” plotted against G/, for all blends are pre-
sented, following the approach of Kwag et al. [Kwag 00]. The mPE blends show a semi-
circular relationship and the same slope of G” versus GG’, which according to Kwag et al.
[Kwag 00] and Han and Kim [Han 87] indicate miscibility. The Lmix blends show devia-
tions from this behaviour. For the case of the mPEmix blends, the resulting Cole-Cole and
G" against G’ plotsreinforce the argument of miscibility for these specific mixtures. The loss
viscosity, n”, plotted against the storage viscosity, ", presents a semi-circular pattern for all
mMPEmix blends. The shift of the curve maximum can be attributed solely to the presence of
LCB, since the components mPEmix0 and LCBmLLDPE have similar molecular weight dis-
tributions [Schlatter 05]. Immiscibility could be considered for the case of the Lmix blends
by solely observing their specific Cole-Cole and G” versus G’ curves (fig. 4.42 and 4.43).
However, Kwag et al. [Kwag 00] and Schlatter et al. [Schlatter 05] suggest that this can aso
be attributed to the combination of high polydispersity and the presence of LCB.
Furthermore, taking into account the monitored moduli and non-linearity of fig. 4.39,
the spread of the curves observed in fig. 4.42 and 4.43, can be attributed to the combined
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high polydispersity and higher branching degree (LCB/1000 CH,) of the samples (PDI ~ 5-
7). Additionally, the blend components have predominantly identical chemical structure and
similar molecular weight distribution. Both mPEmIix0 and LCBmMLLDPE are produced with
metallocene catalysts and contain co-octene. Samples L1 117 5.1 and LCB1_123_7.1 are
homopolymers with no SCB. Linear L1_117_5.1 is produced by Ziegler-Natta method and
LCB1 123 7.1issynthesized with Cr as catalyst. Components of each blend system mainly
differ only in the polymer topology (and small differencesin M., and PDI) and specificaly in
the existence of LCB (the SCB typeissimilar for each component pair). Hence, no separation
between the two phases is expected, due to the similar Van der Waals interactions.
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Figure 4.42: Cole-Cole plot for Lmix blends at 180°C.

4.3 LAOS simulations with the DCPP model for LCB industrial
polyethylenes

4.3.1 Prediction of shear stressand non-linearitiesduring LAOS

Large amplitude oscillatory shear flow is simulated for some of the investigated polyethylene
melts, according to the method introduced in chapter 2 and already applied on PS branched
model systems in chapter 3. The resulting stress response is analysed in the same way as
the experimental torque signals, via FT-Rheology analysis. The linear parameters of the
DCPP model, i.e. the relaxation time \; and the shear modulus of each mode G; of each
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Figure 4.43: Loss modulus versus storage modulus for the Lmix at 180°C.

mode are identified by fitting experimental data of G’, G” and complex viscosity, [n*(w)|. As
an example, the fit of LCBmLLDPE with a 4-mode DCPP model is presented in fig. 4.44.
Inkson et al. [Inkson 99] and Graham et al. [Graham 01] have indeed proposed the use
of a multi-mode model to account for the complex architecture of a branched LDPE. The
superposed “pom-pom macromolecules’ of different relaxation times and arm number will
account for the relaxation processes of the polydisperse macromolecul es studied, that contain
multipleirregularly spaced long-chain branches (see Table 4.1).

Simulations are performed at conditions corresponding to various tan § as measured
in the linear regime. In fig. 4.45 the relative intensities, I5,,(7,), predicted for both
polyethylenesfor selected values of non-linear parameters, ¢; and \;/\,; are displayed. Strain
sweeps are simulated at conditions corresponding to tan § = 2. Infig. 4.46 the predicted /5,
for mLLDPE and LCBmMLLDPE for LAOS with ~, = 3, for arange of tan § between 1.5 and
6.5 are presented. The predicted crossover between 5/, .cp and 131 jineq, 1S ClOSe to the one
measured experimentally.

An analysis of the effects of non-linear model parameters on the resulting non-linearity,
i.e I3/1(v) and ®3(vo), is performed. This correlation is needed for understanding the
behaviour of different “pom-pom molecule blends’ in the non-linear regime. Both non-linear
parameters, q and \,, are found to affect the shape of the resulting I3/, () and ®3(vo)
curves. Simulation results of I3/, and ®; for LCBmLLDPE at 0.04 Hz and 180 °C (where
tan 6 = 3.5inthe linear regime) are shown in fig. 4.47 and 4.48. Each curve corresponds to a
different “blend of pom-pom molecules’ chosen to decouple the non-linear behaviour of this
LCBmMLLDPE grade [Inkson 99].

The predicted I3/, (7o) isfitted by eq. 1.47. Parameters A, B and C, defining the shape
of the resulting sigmoidal curve, are correlated to the non-linear parameters q and A/ .
Equation 1.47 exhibits a good fit between experimental and predicted I3/,(,) data for all
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Figure 4.44: Fit of linear rheological material properties of LCBmMLLDPE, by a 4-mode differential

DCPP model. Experimental data for G/, G” and |n* (w)| obtained by dynamic oscillatory shear at T =
140°C.
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Figure 4.45: Predicted I/ (7o) from DCPP model, for mLLDPE and LCBMLLDPE samples at
tand = 2.
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Figure 4.46: Predicted I3/, using DCPP at conditions corresponding to different tan ¢ in the linear
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linear regime.

casesin fig. 4.47, as demonstrated for an examplein fig. 4.49.

Predictions for different combinations of ¢; and \;/\,; are fitted. We find that parameter
A exhibits a very weak dependence on both non-linear parameters (A = 0.10 - 0.0002q -
0.0023)\/ ;). Parameter B is very weakly dependent on number of side-arms (B = 0.25 -
0.00078q + 0.023\/\,). Thus, to simplify our approach we neglect the ¢-dependent terms.
The dependence of A, B and C with respect to molecular architecture for the DCPP model
can be then described empirically as follows:

A =0.1-0.0023\/\, (4.6)
B = 0.25+ 0.023) /),
C =2.92—0.02q + 0.018\/\,

An increasing number of arms causes a slight reduction on the non-linearity plateau
(A), which can be considered as a dynamic dilution of the pom-pom molecule from its arms.
Furthermore, a pom-pom with a large g has a small inverse critical strain, B, which means
that higher deformations are needed to have I3,; = A/2 for this material. The parameter
C is aso reduced when increasing the number of arms. The ratio A/ is proportional to
the number of entanglements (consequently to the total length) of the backbone chain in
a pom-pom molecule (see eg. 2.19). Thus, one can conclude that pom-poms with large
backbones (and hence short arms since the total molecular weight is constant) present low
non-linearity plateau, high inverse critical strain and large log(/s/1)-log(y,) slopes. The
non-linearity in a LAOS flow of the pom-pom chain with large A/\; increases at smaller
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deformations but reaches a lower plateau, compared with pom-poms with the same number
of arms but of shorter backbone. Consequently /3/,, as predicted from the DCPP model and
the non-linearity of LCBmMLLDPE can be empirically expressed as:

1

1 —
< =97 ((0.25 + 0.023A/A8)%)<2-92—0-02q+0-018A/As))
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Figure 4.49: Predicted I3/, for different strain amplitudes from DCPP with ¢; = 20 and \;/As; = 6,
and I3/, (o) fromeq. 1.47 for parameters A= 0.08, B= 0.38and C = 2.7.

A comparison between the A, B and C parameters derived from fitting the predicted
I5/1 () and those calculated by eq. 4.6 is depicted in fig. 4.50, 4.51, and 4.52 respectively.

It is worth mentioning that the parameters A and B show a minor dependence with
respect to q as compared to parameter C. However, although the rheology of the melt is
described with a 4-mode model, it is remarkable that the predictions show a quite low
deviation with respect to the experimentally estimated val ues.

In order to estimate the effect of the DCPP molecular parameters on I3/1(y,) and
®5(v), a broad range of deformations is needed in the LAOS simulations. Within the
present paragraph, LAOS with strain amplitudes 0.5 < v, < 20 is studied. Experimental
results shown in fig. 4.11, 4.12 suggest that a correlation is not easily identified between
increasing /3,1 () and branching levels. Thus, it is expected that a higher number of arms or
ahigher ratio of orientation/stretching relaxation times A; /\,; do not result in monotonically
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increasing intensities and phases for LCB polyethylene in the whole range of ssmulated .

The above conclusion is in contrast with Schlatter et al. [Schlatter 05]. However, in the
present work LAOS flow is predicted using the DCPP model for a broader range of applied
strain amplitudes and frequencies, while Schlatter could only apply strain amplitudes of up
to 7o = 4. For most simulation cases, I3, and ®3, are not sensitive with respect to g at low
strain amplitudes (v < 3). Generaly, at constant number of arms ¢;, an increased ratio of
Ai/Asi leads to ahigher I5/,. Thisratio is proportional to the backbone length as suggested
by McLeish and Larson [McLeish 98], and Inkson et al. [Inkson 99], who suggested that A
oc My*, Ay o< M,? hence A/ )\, oc M,. Consequently, higher non-linearity for a broad range of
shear deformations suggests that the polymer melt behaves like a*blend of pom-poms” with
longer backbones. Hence, the time-determining step of the stress relaxation is the orientation
process (since A >> ),). Furthermore, simulations show the same trend as the experimental
FT-Rheology results. Under conditions corresponding to high tan 6 in the linear spectrum,
LCBmMLLDPE has a higher predicted non-linear behaviour than mLLDPE. This result agrees
qualitatively with experimental data for the whole range of investigated tan ¢ (fig. 4.46).

The relative phase @3 is mainly affected by molecular architecture (g, \,), for LAOS
simulation with strain amplitudes v, > 3 (fig. 4.48). The DCPP model overestimates ®3
a low strains (o < 2) for this specific sample, which increases with increasing A/
and levels off for 7y < 3. This could suggest that a longer backbone introduces higher
non-linearities (/3,;), but with a higher phase value ®; as compared to the main material
response. Furthermore, higher number of side-arms results in lower @3 for the same A/
ratios.

The behaviour of this “pom-pom material” in the non-linear regime depends on
branching level and relaxation mechanism. From eg. 4.7 we could suggest that the plateau A
of the non-linearity of a material (see eg. 1.47) has a weak dependence on both number of
arms and relaxation mechanism. The inverse critical strain amplitude 1/B depends strongly
only on the backbone length and consequently on the length of the arms (since M,y =
Myackbone + 2QMarrms). Parameter C depends on g and A/ )\ and decreases with increasing
number of arms and decreasing backbone length. Parameter A has a typical value of 0.1
+ 0.05 for LCB PE. For LCBmLLDPE modelled by DCPP, we find values of A between
0.08-0.1. Parameter B is typically 0.2, suggesting that a polyethylene *pom-pom” blend
reaches the half-maximum non-linearity at around v, ~ 5. Parameter C is generally approxi-
mately 2 [Neidhofer 03b, Helfland 82, Pearson 82]. The DCPP model overestimates C, and
predicts typical values around 2.9. In order to obtain a lower value of C we suggest that the
LCBmLLDPE structure can be decoupled into a blend of “pom-pom” macromolecules with
a high number of branches and shorter backbones. For the specific case of LCBmLLDPE,
in order to minimize the deviation between experimental and predicted values of parameters
A, B, C, we choose: \;/)s; = 3, ¢; = 30. In addition, ®3 will be lower for a large ¢; and
lower \; /A, thus reducing the deviation between experimental FT-Rheology data and LAOS
simulation results.
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Figure 4.50: Comparison between parameter A values derived from fitting predicted 4,,(v0) and
empirical descriptive eg. 4.6. Both ¢, and \;/\; are varied in all cases.
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4.3.2 Normal forcesin LAOS flow simulation

As discussed above, from the LAOS flow simulation using the DCPP model the extra-stress
tensor components can be predicted for the modelled polyethylenes. From Tq; - Toy (Or
T, - Tyy) the first normal stress difference, NV, is calculated. The predicted (and measured
if experimentally possible) N; can be a promising quantity for discriminating branched
topologies [Graham 01] and is investigated within this chapter. An example of the predicted
N; during LAOS, for two LCB polyethylenes modeled via the DCPP, is shown in fig. 4.53.
The predicted shear stress is also shown in fig. 4.53 for both polyethylenes. The
discrimination between the two LCB samples modeled via DCPP is more pronounced when
studying the normal forces, even for a small change of the side-arms parameter ¢. One can
differentiate between the two topologies using the [V, time data, or the intensity of the higher
harmonics from the corresponding FT spectrum. Three spectra for the studied samples are
giveninfig. 4.54, with apeak at 0 Hz (as expected due to the time data offset) and the highest
harmonic at 2w,/27 as predicted for normal forces in LAOS flow [Owens 02]. The intensity
of the peaks at even multiples of the excitation frequency issimilar for the two LCB materials
modelled by DCPP. However, the intensities for the case of alinear PE as modelled with the
DCPP are significantly lower, demonstrating the applicability of /V; time data from LAOS
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Figure 4.53: Predicted first normal stress difference for two LCB PE with different ¢ and \;/Ag;
DCPP parameters. LAOS flow simulation is with wy/27r = 0.1 Hz, v, = 5and T = 180 °C. Predicted
shear stress Ty, also shown.
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as a potential parameter for discriminating linear and branched polyethylenes, in agreement
with Graham et al. [Graham 01].

4.4 Summary on experimental FT-Rheology and L AOS simulations for
linear and LCB industrial PE

Within this chapter, the rheol ogical behaviour of linear and long-chain branched polyethylenes
in the non-linear rheological regime is investigated for the case of pure materias and lin-
ear/LCB PE blends and for a broad range of deformations via FT-Rheology. The effects of
topology, molecular weight and molecular weight distribution are correlated to the relative
intensity I3,; and phase, ®; of the resulting third harmonic obtained in LAOS experiments.
Long-chain branched polyethylenes exhibit higher non-linearities than linear polyethylenes
of similar molecular weight and molecular weight distribution. In the case of linear topology,
I3, is found to increase with increasing M,, and PDI. The van Gurp-Palmen method is
extended by including the phase of the third harmonic, 9, extrapolated at zero strain
amplitude. The quantity @9 is found to be sensitive to the presence of LCB. Consequently,
the samples are categorized into linear and LCB using the measured @9 in the extended van
Gurp-Palmen plot. With this phase analysis a separation between the effects of LCB and
molecular weight distribution in the non-linear rheological response is achieved.

Additionally, the optimum experimental conditions for differentiating linear and
branched polyethylenes using LAOS and FT-Rheology are investigated. Polyethylenes have
low activation energy and therefore a rather weak temperature-dependence. Thus, strain
sweep is a more appropriate test method for studying the non-linear rheological behaviour of
these samples, with the current experimental setup. Experimental FT-Rheology is optimized
with respect to the sensitivity towards LCB. The optimum conditions are found to be around:
T = 180 °C, w; /27 = 0.1 Hz, with , = 0.5 and ~, = 3. Polyethylenes containing LCB
are found to produce higher non-linear behaviour at low frequencies and at conditions
corresponding to higher tan § valuesin the linear spectrum (flow region).

Although the minimum detected LCB and SCB degree via FT-Rheology is quite low,
0.1 LCB + SCB /1000 CH, as estimated from 2C melt-state NMR, the information about the
structure of the industrial PE samples is not complete. The above estimation is an average
of the branching of al chainsin the melt. However, one needs to know what fraction of the
macromolecules are branched in a melt, which is polydisperse with respect to molecular
weight and topology. Additionally, it is useful to determine at which minimum amount the
LCB chains influence the rheological properties of PE. Thus, the limits and sensitivity of
FT-Rheology towards presence of LCB chains in a material need to be investigated. Since
no monodisperse model polyethylene sample with known LCB/1000 CH,, and type of LCB
(combs, H-shaped, pom-pom, tree-like branching) is available, well-characterized industrial
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linear PE blended with LCB PE, of known branching content, at different known ratios are
studied. The blended components have either similar narrow (MPEmix) or similar broad
(Lmix) molecular weight distribution and a similar SCB type. Thus, by applying LAOS and
FT-Rheology the effect increasing concentration of the LCB component, specifically theratio
of LCB to linear chainsin the polydisperse melt, is probed.

From oscillatory shear measurements in the linear regime one can clearly detect the
presence of LCB in the melt for LCB polyethylene concentrations > 30 wt %. However,
the goal is not only to present a more sensitive method for detecting LCB, but additionally
to obtain information about the non-linear behaviour of PE with varying topology. Hence,
LAOS is applied with strain sweepsin a fixed excitation frequency (0.1 Hz) and temperature
(180 °C), along with frequency sweeps at low strain amplitude (v, = 0.5) for studying ®9(w).
The analysis with FT-Rheology shows that LCB PE component of a concentration as low
as 5.5 wt % in a linear melt and a linear component of weight fraction as low as 5.5 wt
% in a LCB polyethylene sample, can be clearly differentiated and are adequate to change
effectively the non-linear rheological properties of the material.

Furthermore, the quantities used to quantify the non-linear behaviour of the
polyethylenes, I/1(v), ®s(70), ®3, as well as the parameters derived from fitting the
sigmoidal I3,1(v0) (A, B, C, D ineq. 1.47 and 1.51), increase monotonically with increasing
concentration of LCB species, demonstrating the dependency of the non-linearity on the
topology of polymers, specifically polyethylene. Parameters A, B and D are found to increase
monotonically with increasing LCB content, which confirms the fact that they are functions of
topology and i.e. relative branching degree (per chain) as well as relative amount of branched
speciesin amelt with linear PE, molecular weight and molecular weight distribution.

Finally, the miscibility and stability of the blendsis investigated by means of rheological
techniques, already presented by other authors [Kwag 00, Han 87]. The storage and loss
viscosity, as well as the storage and loss moduli, as measured in the linear regime, are
analyzed for the purpose of assessing the miscibility of the studied blends. Additionally the
complex modulus and the non-linearity of the blends under LAOS for more than 2h are
recorded. Taking into consideration the results from rheological tests of miscibility of the
blends (Cole-cole plots, G” vs. G’ plots and mixing rules), we are confident that they are
miscible. No phase separation takes place. The only property that varies in the blends and
resultsin increasing non-linearity (13,1(v0)) with higher phases (®;(v,), ®9) isthe LCB/linear
chainsratio.

The non-linearity change with increasing deformation is correlated to the molecu-
lar parameters of a “pom-pom” blend, specifically the number of arms and the ratio of
orientation-to-stretch relaxation times. We achieve this by performing LAOS simulations
with the DCPP model. In order to extend our study of LAOS flows for different polymer
topologies with the DCPP, model samples such as H-shaped, combs, or tailor-made “ pom-
pom” polyolefines are needed in combination with blended linear and branched structures.
However, FT-Rheology using a constitutive equation based on molecular architecture enables
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the qualitative prediction of non-linear behaviour for LCB polymers.

Graham et a. [Graham 01] state that extensional flows are more discriminating for
nonlinear stretch characteristics and a more sensitive way to determine stretch characteristic
times in Pom-pom model. This difference from shear flows lies in the measured stress tensor
component and the orientation way of molecules. The authors suggest that the first normal
stress difference in exponential shear could be a more sensitive quantity to use for stretch
and orientation of the pom-pom macromolecule determination. This motivates numerical
simulations of polymers with varying topology, as quantified by the molecular structure
related parameters of the DCPP model, on the resulting normal stress difference, [V, during a
modelled LAOS flow. This promising method can be extended experimentally by accurately
measure the normal forces during a LAOS experiment, especialy for the samples studied in
chapters 3 and 4, for which normal forces are already observed to be prominent due to their
high molecular weight. However, the experimental equipment needed to conduct these type
of measurements are not yet available.



Chapter 5

| nvestigation of flow instabilities via
FT-Rheology

5.1 Experimental and theoretical studies of flow instabilities in
polymers-short literature review

Flow instabilities are time-dependent phenomena occuring in flows which are supposed
to be in steady-state. For example, a time-dependent shear stress response of a material
under application of a steady shear strain, or oscillations in pressure drop of a polymer
melt during capillary flow under constat inflow rate. Instabilities in viscoelastic flows are
of great practical importance and therefore a subject of significant and growing interest for
rheologistsin the last decades [Graham 95, Hatzikiriakos 91, Larson 92]. Industrial important
materials such as polyethylene (LDPE and HDPE), present flow distortions and surface
features like sharkskin (small irregular distortions on surface, roughness), or more extreme,
for example gross fracture and helical extrudate distortions, during capillary flow or extrusion
(seefig. 5.1). The above occurring flow distortions are not only distinguished and quantified
by the appearance of the extrudate (both amplitude and periodicity of surface oscillations),
but additionally by the critical conditions for the onset of these instabilities and the flow
characteristics, e.g. critical shear rate for sharkskin or stick-dlip during capillary flow.

The investigation of such phenomena that occur during polymer flow can lead to the
development of a robust method to control the quality of extruded products. Additionaly,
understanding the mechanisms behind the onset and development of flow instabilities can
provide us with a valuable insight in the polymer melt dynamics and allow further polymer
processing optimization. Whether these flow distortions are constitutive, or driven by melt
elasticity, molecular structure, surface properties, flow geometry or a combination of the
above is yet to be fully understood and answered. Explanations proposed for extrudate
distortions include concepts of adhesion failure of the polymer to the die wall, referred
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Figure 5.1: Typical flow curve for a polyethylene melt and regions of instabilities.

to as wall dlip, and/or mechanical failure of the material itself, referred to as constitutive
instabilities [Larson 92, Wang 96b]. The first phenomenon can be modeled by replacing the
boundary condition of a vanishing wall velocity (no-dip condition) with a finite value that
depends on wall shear stress and/or strain history of the fluid [ Pearson 68]. On the other hand,
a constitutive instability occurs when the relationship between shear stress and shear-rate is
non-monotonic [Larson 92]. However, it is difficult to distinguish experimentally between
the two origins of the instabilities, due to the fact that both result in the same macroscopically
observed effects.

Capillary and extrusion flows are not the only cases where instabilities might occur. It
is generally accepted that instabilities may occur in parallel plate or cone-plate shear flow
[Larson 92], for example meniscus distortions as seen in fig. 5.2. This phenomenon is often
observed for polymers even at low Reynolds numbers (Re) with negligible inertia effects.
Larson actually separated the distortions into irregular non-axisymmetric “vortexes’ and
axisymmetric indentations of the meniscus or edge fracture [Larson 92]. One different
abnormality that can possibly occur isthe elastic instability, in which a meniscus distortionis
not an essential feature. This instability is generally observed in Boger fluids, i.e. dilute or
moderately concentrated solutions of high molecular weight polymers. There are evidence
that the instability phenomena are related to aradia driving force created by the first normal
stress difference (IV;) inacurvilinear shearing flow [Larson 92].

Since polymer melts subjected to LAOS may exhibit complicated nonlinear periodic re-
sponses related to meniscus distortions and wall slip [Chen 94, Larson 92], this flow presents
a practical way for studying the dynamics of instabilities and the effect of rheological prop-
erties with high sensitivity. Additionally, LAOS experiments can provide predictions for the
performance of the investigated meltsin acapillary flow and can connect structure to process-
ability. Henson and Mackay [Henson 95] studied dlip effects of monodisperse polystyrene
melts (with M, = 49 kg/mol, 104 kg/mol, 198 kg/mol and 392 kg/mol) and found that al
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Figure5.2: Photographs of polymer solution at two shear rates in a cone-plate rheometer with radius
= 50 mmand angle 2.3°. For v = 1.58 5! the fluid surface is smooth and for 7 = 158 s~! meniscus
distortions are observed. Adapted from Kulicke et al. [Kulicke 79]

exhibit slip behaviour. They discussed three possible models to describe slipping of polymer
chains: (1) the adsorbed layer, (2) the disentangled layer and (3) the true slip model, and used
aparameter b, introduced by de Gennes [deGennes 85] to quantify the slip phenomenon. This
parameter corresponds to the extrapolated distance to zero velocity in a paralel plate flow
and is comparable to the average thickness of a polymer melt droplet during spreading on a
smooth wall. According to thismodel, aliquid flowing over asmooth solid wall will display a
length b comparableto the molecular size, d [deGennes 85]. Thedlip velocity isthen given by:

w="Lq, (5.1)

Nm
where d is a length of molecular dimensions, 7,, is the shear viscosity of a liquid of
monomers (with the same interactions, but no entanglements) [deGennes85]. The wall

shear stressisgiven by o,,. For thelinear viscoelastic regimeeg. 5.1 can be written asfollows:

d . .
Vg = —10 Y= b Ve (5.2)
N

where 1) is the zero-shear viscosity of the polymer. From the reptation theory, the relation
between monomeric liquid viscosity, 7,,, and polymer melt viscosity is, g = UM%_;
where N is the number of monomers per chain and N, the number of monomers between
two entanglements. The true wall shear rate is 7,,. This true wall shear rate in a parallel
plate geometry with a gap of H, and the upper plate moving with a velocity wR is given
by [Henson 95]:

: wR
Tw= H+2b (53)
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The torque for a shear flow between to parallel moving plates of radiusr is known:

R .
M = 27rn0/ Voo 72dr (5.4)
0

where R is the maximum plate radius. Combining eg. 5.3 and 5.4 and integrating we obtain
the nominal wall shear stresses (2M/7R?) at the gap H and at infinite gap, o and oo,
respectively. Hence the ratio of the stresses will be as follows:

ON 2b
— =14 = 5.5
s Mg (5.5)

Henson and Mackay [Henson 95] used eg. 5.5 to quantify dip in the monodisperse
polymer melts and made the needed adjustments and approximations to import in this model
the three different concepts mentioned above. All studied melts were found to exhibit dlip
behaviour during oscillatory shear in parallel plate geometry. In the linear regime, the slip
velocity was found to be proportional to the shear rate. This proportionality was related to
the molecular weight with a power index of ~1.1. This experimental result is not consistent
with the theory of de Gennes since b oc 7y o< M?2. The authors attributed this deviation to
lack of data (only three PS melts studied) which may have caused errors in determining b.
A study of wall dip for concentrated high molecular weight PS (M, = 109 x 10* kg/mol
and 289 x 10% kg/mol) was presented by Reimers and Dealy [Reimers 98]. The authors
guantified nonlinear viscoelasticity using step-strain experiments, LAOS, FT-Rheology and
birefringence measurements. Although they state that the instable behaviour at a high shear
stress is due to wall dlip, it was suggested that the polymer does not loose adhesion. A more
plausible hypothesis according to the authors, is a change in interaction between adsorbed
molecules and bulk polymer chains of the solution above a critical stress value. Large
amplitude oscillatory shear was indeed used, to reveal the dynamics of dip, since stress
exceeds the critical slip value for brief periods of time. High non-linearities were observed in
the LAOS response and quantified via FT-Rheology. The results demonstrated the dynamic
nature of dip and the resulting intensities and phases of the higher harmonics were found
to be sensitive to molecular weight. Chen et a. [Chen 94] investigated fracture and flow
instabilities in a parallel plate rheometer for PS melts (with M, = 10 kg/mol, 13 kg/moal,
32 kg/mol, 184 kg/mol and 233 kg/mol) and solutions by LAOS, and discussed three possible
reasons for the recorded wave forms, namely: (1) viscous heating, (2) constitutive instability
and (3) cohesive/adhesive failure. They conclude that high non-linearities in LAOS signals
cannot be caused by viscous heating, however they can be attributed to a combination of
both constitutive instabilities and polymer-surface adhesive failure. Graham [Graham 95]
modelled the nonlinear dynamics of LAOS and suggested that both viscoelasticity and
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dynamic dlip are necessary to explain the instabilities of polymer melts under oscillatory
shear. The author related complicated non-periodic response in LAOS with exhibited wall
dip and suggested that both fluid elasticity and a dynamic slip (or a certain memory in the
instability), are necessary for a non-periodic stress response to be observed.

The wall dip of HDPE melts in diding plate and capillary geometries was ex-
tensively investigated by Hatzikiriakos and Dealy [Hatzikiriakos91, Hatzikiriakos 92a,
Hatzikiriakos 92b]. A dliding plate rheometer has the advantage of absence of pressure
gradient and entrance effects from the flow, as well as the convenient modification and control
of the polymer-wall interface. Utilizing capillary flow measurements, the critical shear stress
for dlip occurrence of the particular HDPE resin (M, = 177.8 kg/mol, PDI = 9.4) was found
to be 0.09 MPa. They observed a clear dependence of dlip velocity on shear stress using the
Mooney method [Mooney 31]. By repeating the measurements at different temperatures a
dependence of the dlip velocity on temperature was revealed. From the analysis of the dlip
velocity as afunction of shear stress in a capillary flow, the following relation was extracted
to describe the phenomenon:

v, = 0, o<o. (5.6)

v, = o™, 0> 0,

where o, isthe critical shear stress defined asthe onset of melt slip. For stresseslower than o,
the dlip velocities, as determined by extrapolating eg. 5.6 to lower stress values, were found
to be approximately zero. The dlip coefficient, o, was found to be a function of temperature.
The derived values for the exponent mwere ~ 3 [Hatzikiriakos 91]. The authors repeated the
experiment with surfaces coated with fluorocarbon spray, used the v, = ac™ equation to fit
the resulting stress and a dependence of o was found on the interface conditions. However,
no changes were recorded for the exponent m (the slope of v, versus ¢ in the log-log plot was
not significantly changed).

The polyethylenes were additionally exposed to LAOS flow and the resulting shear
stress was analyzed. The stress overcame the critical value for short periods of time in every
cycle and since a relaxation time is involved in the melt dlip process, severa cycles were
needed for the polymer to dip. Wall dip became apparent by the decrease of the stress
amplitude after some cycles. Finally a quasi-steady state was reached after the gradual
decrease of maximum stress. The complex stress waveforms were attributed to dlip by the
following interpretation: Above a critical stress, the polymer looses adhesion with the wall,
dlip occurs and the stress is decreasing. This nominal stress decrease causes a periodic
regain of adhesion and stress increases again. The authors separated the different types of
LAOS signals into four categories for increasing number of cycles: (a) non-sinusoidal due
to non-linear viscoelasticity of the melt, (b) decrease in stress amplitude due to slip presence
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for non-sinusoidal signals, (c) increasing non-sinusoidal and asymmetric character of the
stress as for an elastic Bingham fluid in Yoshimura and Prud’ homme [Yoshimura87] and
finally, (d), further distorted signals resembling chaotic systems, where stress exhibits an
aperiodic deterministic behavior which is very sensitive to initial conditions [ Thompson 87].
The LAOS stress waveforms were correlated also with the deformation history and rest
time between experiments and a strong dependence on the initial conditions is found for the
recieved waveforms. The dip phenomenon is often empirically modelled by an algebraic
relationship between dlip velocity, v, (non-vanishing fluid velocity at the wall), and shear
stress, o [Graham 95, Hatzikiriakos 91, Henson 95, Larson 92]:

v, = f(0) (5.7)

Equation 5.6 isvalid under the assumption that the slip velocity adjustsinstantaneously to the
wall shear stress. However, Lim and Schowalter [Lim 89] suggested that the transition from
the dlip to the stick condition was gradual and showed characteristics of a relaxation process.
Thus, to account for this experimental observation a*memory slip model” was introduced by
Hatzikiriakos and Dealy and [Hatzikiriakos 92a]:

Vs + Aslip bsz f(g) (58)

where )\, is arelaxation time for slip and the dlip velocity is a nonlinear function f of the
stress history. Combining eq. 5.8 with 5.6 one derives a phenomenological equation used to
study also exponential and oscillatory shear [Hatzikiriakos 91]:

dug

Vs + Aslip E

=aoc™ (5.9

For steady shear the second term on the left hand of the eq. 5.9 is zero and eg. 5.6 isrecovered.
The validity of the above eguation was examined by observing slip in exponential shear flow.
In this particular study [Hatzikiriakos 91], the “slip relaxation time”, A ;,, was determined
from exponential shear experiments between 0.20 sand 0.25s.

Furthermore, the resulting stress time signal from LAOS experiments was compared to
the one theoretically predicted via the combination of eq. 5.9 with a constitutive model, in
particular a Maxwell model. For the eq. 5.9, dlip parameter, o, was taken as a simple time
function (assumption of alinear proportionality, o = 0.0625t) to cope for the time-evolution
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of the slip with increasing number of deformation periods. This empirical model was found
to qualitatively predict stress signals observed in LAOS experiments. Finally, a dependence
of the critical shear rate for unstable LAOS flow on excitation frequency was found. In alater
study [Hatzikiriakos 92b] the same authors used the following function to determine «:

o= ffl(T)fQ(Un/Uw) (5.10)

where ¢ isaconstant depending on polymer molecular structure. The function f; including the
temperature dependence was found to be well approximated by the WLF equation (eg. 1.19).
Finaly f5 is a function of ¢,, and o,,, which are the normal and wall stresses respectively.
From modeling capillary flow of HDPE/LDPE blends, the authors concluded that the critical
wall stressfor dlip, 0., depends on the average molecular weight of the polymer and the poly-
dispersity [Hatzikiriakos 92a]. The above model for slip using eg. 5.8 can be combined with
any constitutive equation relating shear stress and deformation. Graham [Graham 95] applied
the Maxwell model and the White-Metzner. For the latter model, the viscosity as a function
of shear-rate is given by the Carreau equation. Equation 5.8 combined with a constitutive
equation for stress consist a system with two dependent variables, o, and v,. If however, in
eg. 5.8 the relaxation process is neglected, the above equation takes an algebraic form and
periodic behaviour can be predicted. Thisisnot the case for a Newtonian fluid, thus both fluid
elasticity and dynamic dlip are necessary for non-periodic response [Chen 94, Graham 95].
Graham indeed predicted LAOS signals for various combinations of De and parameters for
the function f(o) [Graham 95]. At high strains harmonics at even multiples of the excitation
frequency (2w, 4w,...etc.) were predicted in the FT-spectrum. Finaly it was stated that
guantitative reproducibility of particular chaotic behaviour in LAOS isimpossible, due to the
sensitivity towards the initial conditions, which is in agreement to the experimental findings
in the present work (e.g. fig. 3.7 and 3.11).

The concept of a relation between molecular structure and sharkskin was discussed by
Alla et a. [Allal 06] following the work of Wang et al. [Wang 96b]. Severa models were
discussed for the formation and propagation of surface flow distortions during capillary
extrusion of molten polymers. Most relevant to the present work is the concept of an existing
critical shear rate for the onset of sharkskin formation, which has a temperature dependence
that can be described by the WLF shift factors and increase with increasing polydispersity
and/or temperature. Allal et al. assumed a critical shear rate inversely proportional to a
characteristic relaxation time for extrudate distortions. Wang et a. suggested that this
characteristic time is of the same order of magnitude with the terminal relaxation time.
Subsequently, Allal et al. suggested that this time can correspond to the tube renewal time, as
determined by Graessley [Graessley 82] and using this time they derived an equation for the
critical shear rate for sharkskin onset of the following type: 1/ 7.= d[M,,/M.]", withn = 4.3
for polydisperse PE. The prefactor d was determined in terms of molecular characteristics,
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however no further explanation is provided on the theoretical background of this equation.

5.2 Motivation for studying flow instabilities via FT-Rheology

From the analysis of LAOS flow for the studied PS and PE melts in chapters 3 and 4,
evidence of dip and flow instabilities are observed at large strain amplitudes. The recorded
stress signals at v, above a critical value present a decaying amplitude or lost periodicity,
where the non-linear contributions become a function of time (e.g. fig. 3.16, 3.11). Thus,
it is important to detect instabilities during polymer LAOS and discriminate their effect
on FT-Rheology results from the non-linearity of the material due to structura properties
(e.g. LCB). In the following paragraphs the validity of the above considerations is examined
for polystyrene and polyethylene melts of various molecular weights and distributions (see
Tables 3.1 and 4.1). The effect of M, PDI and branching content on ~yq .. fOr slip onset
in LAOS is examined and additionally, the influence of surface type and geometry on I3/,
I/ and @3 is studied. The relation of topology and specifically of branching with the onset
and development of extrudate distortions during capillary flow for the PE samples is aso
derived, along with the correlation with FT-Rheology results for the material non-linearity.
Simulations are also performed for LAOS including slip boundary conditions and some
preliminary results for capillary flow simulation are presented. In this numerical study of
flow instabilities, the slip equation proposed by Hatzikiriakos and Dealy [Hatzikiriakos 91]
as given in eg. 5.9, is incorporated in the LAOS flow model and the resulting non-linear
rheological behaviour is analyzed via FT-Rheol ogy.

5.3 Flow instabilitiesin LAOSfor polystyrenelinear melts

Experimental examples of decaying stress amplitude are aready presented for a polystyrene
melt (chapter 3, fig. 3.16). The magjority of the studied samples present LAOS signals for
Yo larger than g .riicar, that can belong to the four categories mentioned by Hatzikiriakos
and Dealy [Hatzikiriakos 91] (decaying amplitude, loss of periodicity). However, it must be
noted that for samples of low molecular weight, typically M, < 100 kg/mol for monodisperse
melts, the torque signal starts to decay or looses its periodicity for large strain amplitudes
which are inaccessible with the ARES rheometer. In fig. 5.3 and 5.4 the regions of non-linear
viscoelastic unstable behaviour are presented for two polystyrenes, as monitored vial 3/, (7o)
and ®3(7o).

As aresult of asymmetry in the stress signal, even harmonics may occur indicating un-
stable flow, in agreement with Graham [Graham 95]. Specifically, the relative intensity of
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the 2" harmonic, |, /1, iswell above the noise level for deformations where instabilities take
place, as seeninfig. 5.5 for the two linear polystyrene meltsat 180 °C.
The 2*¢ harmonic is reproducible and its presence is attributed to the instabilities oc-
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Figure 5.3: Observed types of LAOS stress signals and 1 (7o) for linear polystyrenes PS330 and
PS500. Measurements with strain amplitude 1o > 2 are performed with the RPA2000. i/, upto~p = 1
(ARESdata) shifted to correspond to cone-plate measurements of RPA2000. Dashed-line represents a

curring during the LAOS flow. There is a possibility that even harmonics result from an
imperfectly applied sinusoidal strain, due to inaccurate motor control. However, within this
work, thisfactor isinsignificant since FT analysison the applied strain signal revealsno higher
harmonicsin the spectrum of the applied strain (intensities are below noise level).

An increased polydispersity has a significant effect in the resulting instabilities as mon-
itored via I,/,. The results from the linear binary blends are presented in 5.6. The relative
intensity of the 2" harmonic increases dramatically with an increase in polydispersity. The
presence of large macromolecules in a melt influences the even harmonics, in away similar
to I3/, (e.g. fig. 3.8). This outcome reinforces the argument that large macromolecules in a
melt dominate the non-linear response, as demonstrated in chapters 3 and 4. The critical strain
amplitude for the instabilities onset is lower and the resulting I,, islarger for high molecular
weight materials.

The temperature dependence of the flow instabilitiesis studied by repeating the experi-
mentsat higher and lower temperatures, i.e. T=200°Cand T = 140 °C. High temperaturesare
already found to suppress the flow distortions in capillary flow [Allal 06, Hatzikiriakos 92a,
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Figure5.4: Stress signals and ®5(-y) obtained for linear polystyrenes PS330 and PS500. The result-
ing ®3(vo) is sensitive to the onset of stress amplitude decay and asymmetry. Measurements at strain
amplitude vy > 2 are performed with the RPA2000. Lines are guides to the eyes.
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Figure 5.5: Experimentally detected L, (7o) for PS110, PS330 and PS500, at T = 180°C and w, /27
= 0.1 Hz. Measurements with strain amplitude v, > 2 are performed with the RPA2000.
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Figure5.6: Experimental 1 (o) for binary blends. Occurring instabilities are higher for blends with
increased content of high molecular weight samples. Blend composition can be seen in Table 3.2

Hatzikiriakos 92b]. If the argument that dlip parameters have a WLF dependence on tem-
perature is accepted, as suggested by Hatzikiriakos and Dealy [Hatzikiriakos 92b], then the
recorded non-linearities in LAOS should be lower for a higher temperature. However, both
the odd and even higher harmonics decrease with increasing temperature and increase with
molecular weight. In fig. 5.7 the resulting intensity of the 3"¢ harmonic is depicted for several
linear polystyrene melts at 200 °C. A clear decrease of the resulting higher harmonicsisin-
deed observed when increasing the temperature. Furthermore, if the sample is subsequently
cooled down to 180 °C and the test is repeated, the material recoversits non-linear character
and the resulting intensities are close to the valuesinitially recorded. As expected, the depen-
dence of thel;,; onthe molecular weight distributionis conserved aso at higher temperatures,
where higher 13/, (7o) are found for linear melts of higher M,, and PDI.

5.3.1 Effect of flow geometry and surfacetype on LAOS instabilities

In this paragraph, the correlation between the onset and development of flow instabilities and
the conditionsof LAOS flow isexamined, i.e. the surface type (steel, aluminium, fluorocarbon
coated, grooved surface) and the geometry used (plate diameter and gap). The sample used
is PS330, alinear polystyrene melt. Large amplitude oscillatory shear strain sweep tests are
performed for PS330 using steel parallel plates with diameters of 8 mm, 13 mm and 25 mm
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Figure 5.7: Resulting I/;(70) for several linear polystyrene melts at T = 200°C. Comparison with
results for T = 180 °C (open-symbols with dashed lines).

and the resulting non-linear response is analyzed with respect to the relative intensities of the
2@ and 3" harmonic and the relative phase, ®;. As mentioned in chapter 3, all disk samples
are prepared with the same procedure and no detectable degradation takes place during the
measurement.

In fig. 5.8 it is shown that the plate diameter has no significant effect on the onset and
development of unstable LAOS flow. However, by changing the plate material from steel
to aluminium, the onset of dlip is observed at lower critical strain amplitude, I3, is slightly
higher and I, is significantly increased. When the gap between the plates is approximately
doubled, the sample behaves highly non-linear at lower strain amplitudes, in comparison with
the case of a 1 mm gap. Highly asymmetric stress signals are recorded, due to the onset of
secondary flows, outflow, edge fractures and generally meniscus distortions even for relatively
small deformations, as indicated from the resulting FT-spectrum data (fig. 5.9).

Subsequently, the surface type is atered. In order to reinforce the dlip effect, a layer
of polyfluoro-1,3-dimethylcyclohexane (PFDMCH) is created on the surface of aluminium
plates by chemical vapor deposition. The estimated thickness of the polymerized substanceis
in the order of 0.1 um. In this altered surface the polymer melt is supposed to |oose adhesion
at smaller strain amplitudes, compared to ametal plate surface. Indeed, higher non-linearities
are observed for strain sweeps of PS330 using these fluorocarbonated surfaces. The evidence
of flow instability onset, namely a sudden slope changein I3/, (vo) (deviation from predicted
sigmoidal curve), an increased |,/,(7,) above the noise level and a local maximum in the
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Figure 5.8: Effect of plate diameter and material on flow instabilities as monitored via FT-Rheology

at T= 180 °C, for alinear monodisperse polystyrene melt with M, = 330 kg/mal.
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Figure 5.9: Effect of sample thickness on flow instabilities as monitored via FT-Rheology at T = 180
°C, for alinear monodisperse polystyrene melt with 14, = 330 kg/mol, measured with steel plates.



150 5 INVESTIGATION OF FLOW INSTABILITIES VIA FT-RHEOLOGY

®3(o), are observed at lower strain amplitudes (v, . ~ 0.4) for the specific experimental con-
ditions. Furthermore, the resulting non-linearitiesfor v > 7 criticar @€ higher. The measured
I/, for fluorocarbonated surface can be 10 times higher compared to I,/, recorded during
strain sweep tests with normal steel surface (seefig. 5.11). One can suggest that the observed
non-linear rheological behaviour isthe sum of the non-linear viscoel astic character of the ma-
terial (inherent non-linearity, constitutive instabilities) due to molecular characteristics and
the non-linearities caused by the flow type, i.e. non-vanishing wall velocities (wall dlip).

A complementary way to modify the flow pattern in order to “fingerprint” the non-linear
rheological behaviour of the melts during instable flows isto create grooves, or anomalies on
the metal surface, in a controlled manner. A pattern used is shown in fig. 5.10 and compared
with the die design of the RPA. In the latter apparatus no decay of the stress time signal am-
plitude is observed, even at large amplitudes where the non-linearities are extremely high. By
applying LAOS in the ARES with a grooved surface geometry it is observed that, on the
contrary, the non-linear behaviour is significantly enhanced. One can conclude that grooved
surfaces are not sufficient to suppress dlippage. However, the flow pattern in an open-rim
geometry with large grooves may contain secondary flows and the inherent complexity of the
flow can be the reason for the increased 51 (7o) and 151 (7o), even with the absence of dlip.
The second factor that is different in the RPA2000 and can lead to a suppression of slippage
and flow instabilities is the closed-rim feature and the high pressure applied between the bi-
conical dies (6 MPa). White et a. indeed investigate the effect of pressure in flow instabilities
and concluded that high pressure is an effective way to reduce wall slip [White 91].

Figure 5.10: Typical form of grooved plate open-rim geometries. Diameter can be 8 mm or 25 mm
and the gap between the plates 1-1.5 mm.
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Figure 5.11: Effect of surface treatment on flow instabilities as monitored via FT-Rheology at T =
180 °C, for a linear monodisperse polystyrene melt with A4, = 330 kg/mol.

5.3.2 Monitoring the time evolution of dip during LAOS via FT-Rheology

Since the phenomenon of wall slip can possess a time-dependent character, the time evolution
can be monitored and analyzed via FT-Rheology. The material is exposed to constant strain
amplitude and frequency for along time. Typically 100 to 200 recorded cycles are adequate.
Inastrain sweep at T = 180 °C, for the large o, in the case of PS330 (y, > 0.8), the signal is
significantly distorted and extremely high non-linearities are recorded. Afterwards, the sam-
pleissubjected in astrain sweep for v = 0.01 - 2, using the fluorocarbonated surfaces, LAOS
is applied with a constant v, = 0.9 and excitation frequency w,/2r = 0.1 Hz for ~ 30 min.
The recorded 131, 1,1 and ®; reved the dynamic character of the slip and the large effect
of deformation time on the flow properties. In fig. 5.12 the time signals after 100 s, 700 s
and 1300 s of measurement are presented. The observed distortions of the signal result in
the intensities and phases shown in fig. 5.13. One cannot deduct stringent characteristic times
for slip because the flow characteristics in this case are extremely sensitive to initial condi-
tions and deformation history. Additionally, the surface characteristics may change depending
on the quality of the fluorocarbon coating (depth, surface coverage) which may be sensitive
at high temperatures and increasing time under large deformations. However, it is clearly
demonstrated that the non-linearities and especially the appearing 2"*¢ harmonic, can be used
to monitor phenomena like slip onset and evolution. With the analysis of the FT-Rheology
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spectrum one can quantify the departure of aflow from a periodic non-linear viscoel astic type
to a time-dependent non-linear rheological behaviour.

PS330 —— first 10 cycles

o/21=0.1Hz,y,=0.9, T=180 ogT after 70 cycles
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Figure 5.12: Time signals recorded for LAOS of PS330 at different time points, at T = 180°C, using
8 mm diameter plates with fluorocarbonated surfaces and a 1 mm gap.
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Figure 5.13: Time evolution of slip monitored via FT-Rheology spectrum at T = 180°C for ~y = 0.9,
with the ARES rheometer. Timet = 0 s corresponds to the initiation of LAOS after a strain sweep test

and a delay time of 5 min. Plates of 8 mm diameter with a 1 mm gap and fluorocarbon-coated surfaces
are used.
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5.3.3 Corréelation of flow instabilitiesand molecular weight distribution

Thecritical strain amplitudefor the slip onset as afunction of molecular weight ispresented in
fig. 5.14 for linear polystyrene. For ~, ., the stresssignal exhibitsan amplitude decay, typically
after 5 cycles the stress amplitude is 10% reduced. In literature slope values for critical shear
ratefor slip onset during capillary flow versusM,,/M, of ~ 4 arereported [Allal 06]. However,
for LAOS flows using steel plates the results presented in fig. 5.14 are found, where two
molecular weight ranges can be distinguished. The first is of low molecular weight samples
correspondingto M,,/M. < 6, where asmall dependence of the ¢ ¢rtic 1S found on molecular
weight and . o< (M,,/M.)°2. For an average number of entanglement per chain N, > 6-
7, the power index is increased up to a value of ~ 2. However, when fitting a scaling law
of av. = aM,/M.)" type, the determination of the exponent n can contain errors. This
is demonstrated by the dlight difference on the fit quality for the dashed lines in fig. 5.14,
which correspond to slopes of 3 and 4. Nevertheless, a correlation of molecular weight and
topological constrains (entanglements) with the onset of flow instabilitiesis reveaed for the
studied materials, wich are of linear topology and cover awide range of molecular weight.

slope =-0.2

1 = linear monodisperse PS
| O polydisperese PS

T=180°C, o/2r=0.1 Hz
0.01 5 1

1 10 100
M /M,

Figure 5.14. Critical strain amplitude for stress signal amplitude decay as a function of number of
entanglements per chainat T = 180°C, for LAOSwith w,/27 = 0.1 Hz. Samplesarelinear polystyrene
melts (Tables 3.1 and 3.2). Open symbols correspond to polydisperse samples. M, for PSmix corre-
sponds to the value of the high molecular weight component.The error in v . is typically the size of
the data points.
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5.3.4 Experimental procedure for determination of material inherent non-linearity
with suppressed flow instabilities

It is obvious that flow instabilities are prominent when studying polymer meltsviaLAOS. In
order to estimate the material non-linearity, especially of high molecular weight melts (typi-
cally M, > 100), the contribution to the torque signal and the corresponding FT-spectrum of
phenomena like wall slip must be suppressed. While the plate diameter is irrelevant, small
gaps in the order of 1 mm are appropriate. The surface material is an important factor and
a choice of steel plates is recommended. By using alumium as plate material, wall dip is
enhanced and 15/, can be significantly higher (up to an order of magnitudefor vy ~ o criticat)-
As expected, flow instabilities are maximized when fluorocarbon-coated plates are used, thus
confirming the relation between increased non-linearities as quantified by the FT-spectrum
(I2/1, I3/, and ®3) and wall slip. Furthermore, by measuring at high temperatures, e.g. T = 200
°C for PS, the non-linearities and the occurring instabilities can be reduced. Additionaly,
the problem of overflow and large normal forces for an open-rim geometry (ARES) at
large deformations (typicaly v, > 2, for w,/27 = 0.1 Hz), can be controlled by using the
closed-cavity geometry of the RPA2000. Since eq. 1.47 fits satisfactory the resulting I3, it
can be used to fit data at large ~, from RPA2000 (2 < vy < 10), at small strain amplitudesin
ARES (typicaly 0.1 < v, < 0.5) and predict the non-linearity for the range of deformations
where the effect of normal forces and wall slip is prominent, vo > o critica; (S demonstrated
for PS330 and PS500 in fig. 5.3). With this method, the non-linear rheological behaviour of
polymer melts can be quantified via I3/, (o), for the whole range of applicable deformations.

54 Flow distortionsin polyethylene melts-correlation with topology

The flow instabilities during LAOS flow are studied for the case of industrial polyethylene
samples (see Table 4.1). The resulting non-linearities present a similar dependence on molec-
ular weight as discussed for polystyrene melts. Polyethylene melts of higher molecul ar weight
and/or higher polydispersity present higher 73, (vo) and 15/, (o) and thecritical strain for slip
ONSet, Yo criticar 1S 1OWEr. Laun has already reported lower critical shear rates for slip of HDPE
of higher M,,, as detected from capillary flow, cone-plate and sandwich rheometer studies
[Laun 82]. However, the specific samples have a smaller molecular weight range, namely
71 kg/mol < M,, < 234 kg/mol, and they are highly polydisperse with PDI ranging from 1.9
to 20.4. Thus, deviationsfrom a scaling behaviour as the one shownin fig. 5.14 are expected.
The low entanglement molecular weight of polyethylene, M, = 1.45 kg/mol [Seitz 93], results
in ahigh N, for the specific samples. Furthermore, the most important feature in these melts
isthe variation of topology, which may influence the onset and evolution of flow instabilities.
The dependence of phenomena like slip on topological chain constrains is revealed through
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this study. The critical strain amplitudes for the onset this decay, v, ., is depicted in fig. 5.15
for all studied PE as afunction of M, /M..

From the plot of o c.iticar (Critical shear rate for onset of stress time signal amplitude
decay) versus entanglement number, it is obvious that no simple relation can be extracted be-
tween dlip onset and molecular weight, due to the broadened molecular weight distribution
and the significant difference in branching between the investigated samples. The critical de-
formation for dlip decreases with increasing molecular weight, however no ssmplescaling law,
.. = aM,,/M.)", can be derived to describe this dependence. The difference from the case
of linear monodisperse polystyrene melts (see paragraph 5.3) isthe topological complexity of
the samples. In the case of Wang and Drda [Wang 96a] where HDPE was studied, only three
linear melts were used differing only in M, (130.5 kg/mol, 225.6 kg/mol and 316.6 kg/mol).
InAllal et a. [Allal 06] the extracted exponent from asimilar plot has avalue of 4.3 for three
polyethylenes, however it is afit parameter and deviations from this function are also seenin
the particular work.

The critical strain amplitude for dlip onset in LAOS is clearly reduced by the presence
of LCB. Furthermore, for the case of the linear samples, the effect of a high polydispersity
is clearly observed. Large macromolecules induce instabilities at relatively low deformations
and dominate the non-linear rheologica behaviour, whether the non-linearities and instabil-
ities originate from material inherent non-linearity or due to flow characteristics. Presence
of LCB increases the number of topological constrains for a polymer chain. Consequently
branching affects the slip onset and development for a melt, either the latter isrelated to elas-
ticity and constitutive material properties, or to an entanglement/disentanglement process of
bulk chains with chains adsorbed on the wall [Barone 98, Wang 96b].

54.1 LAOSsmulationsincluding dlip

The effect of changing the boundary conditions in a LAOS flow is studied numerically by
combining the dynamic slip model from eg. 5.9 with the DCPP constitutive model, inaLAOS
flow simulation performed according to chapter 2. A non-vanishing wall velocity is intro-
duced for the lower boundary of the calculation domain (see fig. 2.3) which istime and stress
dependent, according to Hatzikiriakos and Dealy [Hatzikiriakos 91, Hatzikiriakos 92a]. The
introduction of a dlip velocity which changes with time and is coupled with the calculated
shear stress at the wall leads to LAOS signals with a decaying stress amplitude. This pre-
dicted stress time signal is in agreement with experimental LAOS results as depicted for a
polydisperse LCB polyethylene in fig. 5.16. A parameter optimization is needed for an im-
proved fitting of the stressin LAOS, however it is remarkable that this smple model can be
easily coupled with a constitutive equation for the stress calculation and capture the effect of
dlip onset and development in afinite element simulation.

Slip parameter « is taken simply proportional to time, i.e. a= k-t and highly non-linear
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Figure 5.15: Critical strain amplitude for stress signal amplitude decay for PE of Table refTable 1 as
a function of number of entanglements per chain. T = 180°C, for LAOS with w;/27 = 0.1 Hz. Open

symbols correspond to linear and SCB samples. Line of slope -2 is guide to the eyes. The error in
determining o . is typically the size of the data points.

signals are calculated for a polyethylene modelled with the DCPP. When a higher dlip ve-
locity is calculated by increasing parameter k, the stress amplitude decay is larger, as seen
in fig. 5.16. Such a highly distorted signal results from coupling wall shear stress with the
non-vanishing wall velocity v, (dip velocity). Asan example, apredicted signal at theoretical
extreme slip conditionsis presented in fig. 5.17 and correspondsto al,/; =0.4% and als/, =
20% with arelative phase 3 = 176°. The calculated stress components of the DCPP model
are reffered to as Ty, Tqo, Too, cOrresponding to the normal and shear stress components
of the extra-stress tensor T, T,,, T,, and T,,, respectively (see fig. 2.3). The FT-Rheology
results from predicting a strain sweep with slip model and DCPP are shown in fig. 5.18. A
change of I3/1(vo) ®3(7o) is predicted in the evolution of the non-linearities with increasing
strain amplitude, from the use of a slip model as a boundary condition.

The calculated velocity profilefor LCB2_234_15.6 ispresentedinfig. 5.19 for aLAOS
simulation with the DCPP model, including slip condition in the lower plate. A non-vanishing
velocity in the lower wall isindeed predicted and has avalue ~ 10% of the maximum velocity
(which corresponds to the wall velocity of the upper moving plate). One can extrapolate the
velocity profile and extract the length parameter b (see eg. 5.3) which in this case it is caclu-
lated to ~ 0.07 mm, for agap of 1 mm between the plates.

As demonstrated in paragraph 4.3.2, the normal stress difference can be determined
for a LAOS flow ssimulation using the DCPP model. This quantity shows a dependence on
topological parameters of the model and can further be analyzed via Fourier transformations.



54 FLOW DISTORTIONSIN POLYETHYLENE MELTS-CORRELATION WITH TOPOLOGY 157
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Figure 5.16: LAOS stress time signal experimentally measured at T = 180°C, with w1/2x = 0.1 Hz
and o = 3 and predicted by DCPP model coupled with a dynamic slip model. Modelled sample is
LCB2_234_15.6, LCB polydisperse polyethylene melt. The stress amplitude decay is larger for large
values of «.
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Figure 5.17: Prediction of a LAOS stress time signal for modelled sample LCB2.234_156 at T =
180 °C, with wy /27 = 0.1 Hz and v, = 3, increasing parameter o by 10*, thus predicting large slip
velocities.
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Figure 5.18: Predicted 31 (7o) and ®3(vo) for modelled sample LCB2_234_15.6 at T = 180 °C and
w1/27 = 0.1 Hz. The DCPP model is coupled with a dlip equation.
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Figure 5.19: Predicted velocity profile for a LAOSflow with «wy /27 = 0.1 Hz, v = 10and T= 180°C

for a modelled polyethylene LCB2_234_15.6. The DCPP model is coupled with a slip equation for
the lower plate and a non-vanishing velocity is calculated at the lower plate.
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The resulting intensities of the higher harmonics, at odd multiples of the excitation frequency
(2w1, 4wy,...et.c.) can be used for the quantification of the normal forcesin LAOS. Since, the
normal forces are crucial to the occurrence and evolution of flow instabilities[Larson 92], one
can analyze the “fingerprint” of N; for a simulated flow including wall sip. As an example
the resulting normal stress difference for the LAOS flow with adlip law is calculated for sev-
eral strain amplitudes n fig. 5.20. The resulting stress components in the normal direction can
differ significantly when dlip takes place from the case of non-dlip condition, as depicted in
fig. 5.21.

Furthermore, it is proposed that the ratio between shear and normal stresses may be the

LAOS simulation using DCPP with q=2 and 1/ = 2
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Figure 5.20: N; for a simulated strain sweep with the DCPP model coupled with a slip equation for
the lower plate. The modelled sampleis LCB_234_15.6.

critical quantity controlling the concurrence of flow instabilitiesin LAOS flows [Larson 92].
Thus, this ratio is predicted and shown in fig. 5.22 for the case of no-dlip boundary condi-
tions and for the simulation with a DCPP modelled coupled with the slip law. The existence
of a critical point during the LAOS flow is evident, where the wall shear stress is close to
its maximum value. The contribution of the normal forces becomes significant and increases
the non-linearity of the response. This can be the onset of instabilities and flow distortions.
A change in the ratio of shear to normal stresses is observed when dlip takes place. In that
case, the normal stress difference issmaller (as seen aso in fig. 5.21) and the shear stress has
a higher contribution in the predicted stress response of the polymer, which may be directly
connected to the non-vanishing tagential velocity at the lower plate and the slip occurrence.
Nevertheless, experimental data for N, are needed for deriving conclusions about the onset
and development of flow instabilitiesin LAOS flow.
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Figure 5.21. Normal stress difference, N; and wall shear stress, Ty for LCB_234_15.6, at vy = 5,
for no-dlip boundary conditions and for dlip law imposed at the lower plate.
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Figure 5.22: Ratio of shear stress to normal stress difference for modelled LCB PE, at vy = 5, for
no-dlip boundary conditions and for slip law imposed at the lower plate.
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5.4.2 Correlation between LAOS non-linearitiesand capillary flow distortions

Theindustrial polyethylene samples(see Table4.1) aretested in capillary flow. To achieve cap-
illary flow, apistonisused to generate pressure on the test polymer melt in areservoir, whichis
thusforced through adie (capillary tube) of aspecific diameter, D and length, L [Macosko 94].
The shear viscosity is determined by relation between wall shear stress and wall shear rate.
By measuring the pressure drop, p., and flow rate, @), of the melt through the die are used
to determine the viscosity, using the following equations [Macosko 94] for apparent flow (no
correctionsfor dip):

Wall shear stress:

Dp.
Tiow = — 511
12,w 4L ( )
Wall shear rate;
320
= 5.12
= (512)

Additionally, the pressure on the walls is recorded and the extrudate is studied with re-
spect to its surface distortions. This processis similar to extrusion and allows access to rhe-
ological properties at high deformations. However, partial wall slip influences the results and
must be taken into consideration [Laun 04]. The experimental setup is modified with the used
of sensitive pressure transducers and is presented in more details by Filipe et al. [Filipe 06].
M easurements are performed under constant pressure and also under constant piston velocity
using two different dies, a cylindrical with: L = 30 mm and D = 1 mm and a dit die with:
L = 30 mm and crossection of 0.3 mm x 3 mm. During the measurement of the apparent
shear stress, pressure oscillations are recorded in three different points along the die, namely:
3 mm, 15 mm and 27 mm after die entrance named trl, tr2, tr3 respectively. A schematic
representation of the capillary geometry isshownin fig. 5.23.

In fig. 5.24 and 5.25 the apparent flow results are shown for linear and LCB polyethy-
lene melts respectively. The measurements are performed at T = 180 °C with one cylindrical
die. Thecritical shear rate or stressfor the onset of dlip isof interest at thispoint and it can be
determined by a change in the slope of shear rate plotted against stress.

For the linear polyethylene samples a proportionality between the critical stress for
dippage in capillary flow and the critical strain amplitude in LAOS flow, v, . is determined
within thiswork. The latter critical strain amplitude is defined (as described in paragraph 5.3
and 5.4) by the lowest strain amplitude where stress time signal decay is observed. However,
this critical deformation depends on several factors, as discussed in paragraph 5.3. Within
this analysis for the PE samples, steel parallel plates of 13 mm diameter with a 1 mm gap
are used, for strain sweeps conducted at T = 180 °C and w;/27 = 0.1 Hz. Results are pre-
sented in fig. 5.26 and an increase of both the critical capillary wall stress and v, . is found
for increasing SCB content. Although SCB is not considered to have a significant effect on
the rheological properties, the results show that by incorporating SCB in polyethylene the
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Figure 5.23: Schematic representation of the capillary reservoir and the die. The three pressure
transducers, tri, tr2 and tr3 are at 3 mm, 15 mmand 27 mm from the die entry respectively.
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Figure5.24: Apparent capillary flow data for linear and SCB polyethylenes at T = 180°C. Die aspect
ratio is L/D = 90. Measurements were conducted by S Filipe. Critical stresses are indicated as
determined by a change of the dope of the flow curve.
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Figure5.25: Apparent capillary flow data for LCB polyethylenes at T = 180°C. Die aspect ratioisL/D
= 90. Measurements were conducted by S. Filipe. Several critical stresses are indicated as determined
by a change of the slope of the flow curve.

flow can be more stable. In SCB materials the slippage onset is delayed and the instabilities
suppressed, as shown from the slopes of the corresponding apparent shear-rate versus stress
curves (see fig. 5.24). Additionally, for linear polyethylene samples with similar content of
SCB, larger M,, and broad molecular weight distributions (increased PDI) result in an onset
of dip at lower strain amplitudes and wall stresses.

Polyethylenes containing LCB chains show flow instabilities at significantly lower criti-
cal deformations, asdepictedinfig. 5.27. The plateau nonlinearity in LAOSflow, as quantified
by parameter A (see eq. 1.47), or in other words the maximum possible deviation from lin-
ear viscoelastic behaviour, as quantified by FT-Rheology, is generally higher for melts that
tend to dlip at lower critical stresses. Furthermore, these highly non-linear materials are more
likely to flow in an instable manner. Thisis presented in fig. 5.28, neverthelessno simple -, =
a(M,,/M.)® proportionality can be derived. An explanation about this deviation isthat, Aisa
fitting derived parameter of the non-linear behaviour as quantified vial 3/, (7o) and isaresult of
non-linear viscoelasticity . One cannot easily discriminate the factors affecting the non-linear
behaviour of melts. However, results from capillary and LAOS flows for macromolecules
with different topologies show that instabilities can originate from material structure, since
for example for the case of RPA2000 non-linearities due to wall dlip are insignificant. These
material non-linearities can be suppressed or reinforced by the flow type, i.e. large deforma-
tions, flow geometry and surface type.

In order illustrate the different occurring instabilities of samples with varying topol-
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Figure 5.26: Correlation between apparent wall capillary stress and critical strain amplitude in LAOS
flows, for linear and SCB samples at T = 180 °C. Sample SCB2_59_2.1 presents instabilities for
higher deformations, not experimentally reachable with ARES.
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Figure 5.28: Non-linearity plateau of LAOS flow for polyethylenes with different measured critical
stresses for dlip in capillary flow, as defined by slope change of apparent flow plots, at T = 180°C.
Open-symbols are used for linear and SCB PE.

ogy and non-linearity, photographs of the extrudates are presented in fig. 5.29 and 5.30. The
first figure depicts two melts, LCB2_234_15.6 and LCB6_206_18, which present stick-dlip
instability. This is recognized by the interchanging regions of smooth extrudate and peri-
odic surface distortions. Both samples present highly nonlinear rheological behaviour under
LAOS flow with A = 0.11. On the contrary, sample SCB1_100_2.7 which is linear with
4.5 SCB / 1000 CH,, presentslow non-linearitieswith A = 0.04 even at higher apparent shear-
rates, while exhibits only sharkskin type extrudate distortions (see fig. 5.30).

The observed extrudate distortions, such as sharkskin (see fig. 5.30) stick-dlip (see
fig. 5.29) and melt fracture are correlated, with respect to their periodicity and intensity, to the
measured pressure deviation, o » and the pressure oscillation period [Filipe 06]. These distor-
tions on the extrudate surface are of great importance and a method to predict these occurring
instabilities at large deformationsis needed. The measured average o p is subsequently corre-
lated to the non-linearitiesin LAOS flow and FT-Rheology data of the studied materials.

Results reveal a strong relation between the plateau non-linearity measured in a LAOS
flow via FT-Rheology and the pressure deviation measured by the pressure transducersin the
capillary, as presented in fig. 5.32. The pressure oscillations are recorded for capillary flow
of melts under constant piston velocity. An example of measured pressure from the three
different transducers in the dlit die for LCB2_234_15.6 is presented in fig. 5.31. A similar
setup was used by Laun [Laun 83], however due to the low transducer sensitivity, the pressure
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LCB2 234 15.6 180°C. 0.16 mm/s. 252 s™'. stick-slip

-

LCB6 206 18 180°C. 0.20 mm/s, 315 s™" stick-slip defect

Figure 5.29: Sick-dip instabilities for two LCB polydisperse polyethylene melts, for the dit die. Ex-
periments were performed by S. Filipe.

Figure 5.30: Sharkskin surface distortion of SCB1.100_2.7, at 180 °C, for 230 s™! (a), 920 s! (b)
and 1420 s! (c) apparent shear rate. Measurements were performed by S Filipe.
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oscillations could not be accurately measured.
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Figure5.31: Example of recorded pressure oscillations fromthe transducersin a dlit die of L = 30 mm
and a crossection of 0.3 mm x 3 mm. Sample is LCB2_234_15.6. The average pressure is 180 bar,
155 bar and 30 bar for trl, tr2 and tr3, respectively. Measurements were performed by S. Filipe.

5.4.3 Capillary flow simulations and prediction of extrudate distortions

Modelling the capillary flow of molten polyethylene and predicting the occurring flow insta-
bilities has been a subject of interest in the past [Achilleos 02, Georgiou 94, Rutgers 01]. A
numerical simulation with the capability of capturing the free surface extrudate distortions as
well as predicting the experimentally measured pressure oscillations can relate instabilities
with structure and predict the performance of materials during capillary flow or extrusion. In
this paragraph some preliminary results are presented for the case of an LCB PE. The DCPP
model is mainly used in order to capture the dependence of the instabilities on topological
characteristics of the material. The model is coupled with a slip equation to describe the cor-
relation between wall shear stressand dlip velocity. In order to simplify the problemtheflow is
additionally modeled with a simpler shear-rate dependent viscosity equation, and specifically
the Carreau- Yassuda model [Carreau 97]:

n—1

1= 1o + (M0 — Noo) (1 + (A 7)) (5.13)
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Figure 5.32: Sandard deviation of the pressure normalized to mean pressure value for polyethylenes
with different non-linearity plateau of LAOSflow. All measurements areat T = 180°C and the pressure
measurements correspond to an apparent shear-rate of 800 s'! ina dit die.

where 1, is the zero-shear rate viscosity, 7., is the infinite shear-rate viscosity (lower
Newtonian plateau), \ isthe inverse of the critical shear-rate, or the pivot point, for transition
from Newtonian to non-Newtonian fluid behaviour. The parameter a,. controls how abrupt
this transition is. If it islower a. > 1, alonger transition regime is predicted. If a, > 1
an abrupt transition is calculated for the viscosity. Finally, parameter n is the power-law
index [Polyflow 03].

For the simulations performed using the DCPP model, the parameters are identified as
mentioned in chapter 2. The flow of polyethylene in the whole capillary (reservoir and die) is
simulated and also the case where only the die is considered. The calculation domains with
the boundary conditions are described in fig. 5.33.

Simulations with no-slip boundary condition for the die walls predict a stress distribu-
tion for the die entry in qualitative agreement to literature [Baaijens 97, Clemeur 04]. The
predicted stress distribution at the exit is also in qualitative agreement to numerical studiesin
literature [Rutgers 00, Rutgers 01]. A die swell is predicted for the extrudate with no surface
instabilities, even at high shear rates, where experimentally sharkskin or stick-dlip instabilities
are observed for the specific polyethylene melt. The stress distributions for the die exit are
depicted in fig. 5.34, using the DCPP model. High wall shear stresses are calculated near the
exit, reflecting the absence of dip.

Additionally, the scalar stretch variable A (see eg. 2.16), which describes the stretching
of the pom-pom backbone, can be calculated for the entry and the exit of the modelled
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Inflow

Wall, no slip condition

Die wall, slip condition

Axis of =
symmetry

Extrudate, free surface

Figure 5.33: Calculation domain for capillary flow with a cylindrical dieof L = 30 mmand D = 1 mm.
The contraction ratio in the die entry is 9.5. Mesh consists of 2400 elements.
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Figure 5.34: Shear stress Ty, for LCB2_234_15.6 at low apparent shear rate (~4 s™!) in the die exit.
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melt. It represents the backbone length after the deformation normalized to the initial
backbone length. The large stretching that the pom-pom molecules undergo, especialy in
the axis-center of the flow, isreflected in fig. 5.35. After a short distance from the entry, the
distribution of A shows arelatively homogenous stretching of the pom-pom molecules.
Simulations are additionally performed for flow rates corresponding to experimental

Stretch scalar
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:0.89
:1.06
123
:1.40
:1.57
1 1.74
:1.91
I: 2.08
J:2.25

Mmoo o>

o

Figure 5.35: Sretch variable A calculated for the DCPP model with g = 2, M\ = 2, at the die entry.
Apparent shear rate ~ 4 s~!. Larger stretching of the pom-pom backbone is predicted near the flow
axis at the die contraction.

apparent shear rates larger than the critical shear rate for instabilities onset (which is 100 s—*
for LCB_234_15.6). Significantly larger stresses are predicted for both the entry and the die
exit. Asan examplein fig. 5.36 the normal stress T, is depicted which takes large values at
the wall near the exit and is eventually responsible for the swelling of the polymer after the
exit. The significantly larger stretching of the pom-pom molecules near the axis of the dieis
reflected on the higher A for this case, as showninfig. 5.37.

The die is long enough for the entry effects to be insignificant with respect to the
stresses at the exit and the resulting extrudate swell for this case, as shown from the stress
distribution in the die entrance. Thus, the focus is to predict the flow inside the die and the
phenomenataking place at the exit, considering the entrance effectsirrelevant to the extrudate
distortions for this specific geometry. The calculation domain is restricted to the die and the
extrudate, as presented in fig. 5.38. A constant inflow rate is imposed (to model the constant
piston velocity), corresponding to high apparent shear rates (Wapparent>> 25071), i.e. inthe
flow regime where stick slip is experimentally observed for the specific samplein the studied
capillary flow.

By introducing a wall-dlip condition for the die, instabilities are predicted in the
extrudate surface. However, from the numerical calculation point of view, non-vanishing wall
velocities reduce convergence problems since the velocity profile has no singularities at the
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Figure 5.36: Normal stress Ty, for modelled LCB2_234_15.6, at flow rate corresponding to critical
apparent shear rate (100 s™!), for the die exit and extrudate. High normal stresses are predicted at the
wall region in the die and near to the exit.
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Figure 5.37: Stretch variable A for modelled sample LCB2_234_15.6. Prediction with the DCPP
model at the die exit. Apparent shear rate is approximately 100 s'!. The predicted extrudate is highly
stretched.



172 5 INVESTIGATION OF FLOW INSTABILITIES VIA FT-RHEOLOGY

Inflow

Wall with slip condition

+—— Die exit

Extrudate, free surface

Figure 5.38: Part of the calculation domain for simulation of polymer flow through the capillary die,
including the extrudate. The set of boundary conditions is also given. The specific mesh consists of
5000 elements and the density of the mesh isincreased in the extrudate.

wall. Thus, it is possible to simulate flows of higher Weissenberg numbers, W; = \ 7, for
which convergence difficulties are encountered when imposing a non-slip condition. The slip
law used isin agreement with eq. 5.9.

A dependence isreveaed for the flow instabilities on the slip parameters. Slip parameter
« can be a constant or a function of time (the problem is isothermal and no temperature
dependence of « is considered, as in Hatzikiriakos and Deay [Hatzikiriakos 92b]). By
coupling the dlip equation with the Carreau-Yassuda model (see eg. 5.13), one can predict
the developement of distortions on the extrudate free surface. In fig. 5.39 results from two
time-steps are depicted. The predicted time evolution of surface distortions is presented
as reflected in the normal stress distribution at the die exit. These sets of T,; contours
correspond to time-steps of the calculation during the build-up of normal stresses and the
appearance of flow distortions approximately 4 s later. The normal stress is significantly
lower in comparison with flow under no-slip conditions. However, T, increases periodicay
near the exit and contributes to the formation of instability effects on the free surface.

Furthermore, the pressure, P, and the first normal stress difference, N; as a function
of time can be derived, at the same points along the die, where the pressure transducers
are installed in the experimental setup. However, the predicted P and NV, time signals are
decaying, in contrast to experimental data where pressure oscillations of constant amplitude
are recorded during stick slip occurrence (see fig. 5.31). This may be improved by the use of
amore elaborated slip equation.

With the use of alarge value for the slip velocity in the ssmulation a stable flow may be
predicted (no extrudate surface distortions). However, for unrealisticaly high dlip velocities
a plug flow is predicted and the expected die swell phenomenon vanishes. Generally the
dip law parameters are adjusted in order to result in a realistic slip velocity vg;, < 0.1
Vinaz [POlYflow 03]. It must aso be noted that the used slip models are phenomenological
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Figure 5.39: Normal stress Ty; for modelled sample LCB2_234_15.6 at die exit for apparent shear
rate corresponding to the region of experimentally observed stick-slip. a) During stress build-up,
t = 1.5s. b) After the occurrence of flow instabilities and extrudate distortions, t = 5s.

and empirical with no solid physical background that correlates the slip phenomenon with
structural properties of the polymer material. Nevertheless, the applicability of a dlip law
in combination with a simple non-linear viscosity model (like Carreau-Yassuda) or a more
complicated constitutive equation (DCPP) in order to describe the capillary flow of a polymer
melt and model the occurring flow instabilities is remarkable. At this stage no quantitative
results can be derived. However, it is demonstrated that using slip parameters to calculate
a redlistic dip velocity, for example using eg. 5.9, one can predict surface distortions in
gualitative agreement with the experimental observations (see fig. 5.39). These parameters
are however not universal and they must be defined for each material and wall surface
characteristics.

5.5 Summary on the study of flow instabilities of polymer meltsvia FT-
Rheology

In the present chapter the occurring flow instabilities of polymers under LAOS flow are
investigated via FT-Rheology and simulations. The experimental setup allows the recording
of stress as a function of time with a high sensitivity. Hence, phenomena like stress signal
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amplitude decay, or appearance of even harmonics in the FT-spectrum can be analyzed
and correlated to the occurring flow instabilities with increased sensitivity and for samples
well-characterized with respect to their topology and molecular weight distribution.

The evolution of the non-linearity in a strain sweep experiment depends strongly on
molecular weight, molecular weight distributions and topology of the studied polymer.
Additionally the onset of flow instabilities, as quantified by the critical strain amplitude
for stress signal decay, is decreasing for increasing molecular weight and LCB content. It
is possible to predict LAOS instable flow by simulations using the DCPP model coupled
with a slip equation, which relates dip velocity with wall shear stress. Shear stress of
decaying amplitude can be predicted and fitted to experimental time and FT data for LCB
polyethylenes.

All investigated polyethylene melts are complementary measured in a capillary using a
cylindrical and a dlit die. The observed flow instabilities and distortions, such as sharkskin
effect, stick-dlip, gross fracture, are recorded along with the critical apparent shear rate for
their occurrence and the oscillations of the normal pressure in the die. The results show a
strong relation with the LAOS flow. This demonstrates that FT-Rheology is a promising
method to investigate flow instabilities (e.g. constitutive instabilities, slip) and predict the
occurring flow distortionsin a capillary extrusion. The standard deviation of the pressure on
the die wall is proportional to the plateau non-linearity, A, of the material, as measured in a
parallel plate geometry by FT-Rheology. Additionally the critical strain amplitude, vo critical
for instabilitiesin LAOS shows a similar dependence on molecular weight, molecular weight
distribution and topology, with the critical apparent shear rate (or critical stress) for capillary
flow distortions. Furthermore simulations of the capillary flow using simple viscosity models
(like Carreau-Yassuda) or a more complex constitutive equation (DCPP), can predict flow
instabilities and pressure oscillations in the capillary die, when coupled with an appropriate
dlip model.

Finally, results from both flow types, LAOS and capillary, can be used to correlate
flow distortions and material non-linearity with molecular weight distribution and molecular
architecture (type of branching). It is found that materials with high non-linearity plateau,
A, as determined by FT-Rheology, present large pressure deviations in a capillary flow and
consequently extrudate distortions like stick-dlip, while materials of low A (eg. 1.47) present
low instabilities and sharkskin for the same shear rates. The first is the case for LCB PE
and materials of high molecular weight (as quantified by A, PDI) and the latter behaviour
is observed for PE with lower non-linearity, namely linear of low M, and SCB. However,
one should also investigate more intensively the effect of the normal stress differences in the
onset and evolution of flow instabilities. Specifically, theterm N,/T,, may be amore effective
variable to be correlated to the dip velocity. Larson further suggested that the above ratio of
normal stress difference to shear stress may be the critical parameter controlling the surface
distortion phenomenon in cone-plate and plate-plate flows [Larson 92].

By studying the non-linear rheological behaviour of materials under LAOS with the
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high sensitivity that FT-Rheology provides, one can predict occurring instabilitiesin capillary
flows. These flow distortions are partialy due to constitutive instabilities, or in this work
mentioned as inherent material non-linearity, which is quantified via FT-Rheology according
to chapters 3 and 4. The resultsfrom thisanalysis are strongly connected with structural prop-
erties of the studied melts, i.e. molecular weight, molecular weight distribution and topology
(SCB, LCB), while additional factors such as temperature, pressure and deformation his-
tory have an additional influence on the non-linear behaviour in both LAOS and capillary flow.



Chapter 6

Conclusion and summary

The detection and characterization of polymer architectures is an extremely important
subject for the polymer industry and especialy for the polyolefine production and pro-
cessing. The knowledge of the rheological properties which result from incorporated
long- (LCB) and short-chain branching (SCB) on a polymer chain and the informa
tion about the effect of the permanent (branches) and non-permanent (entanglements)
topological constrains, can be used to optimize the processing and end-use properties
of polymer products. Large amplitude oscillatory shear (LAOS) combined with FT-
Rheology is established as a method to probe structural characteristics and quantify the
non-linear rheological behaviour of different polymer topologies in both solutions and melts
[Hofl 06, Neidhofer 03a, Neidhofer 03b, Neidhofer 04, Schiatter 05].

A systematic study of well-characterized polymers with FT-Rheology provides the
“fingerprints’ of linear, short-chain branched (SCB) and long-chain branched (LCB) macro-
molecules in the non-linear regime. This rheological regime is the most often encountered
in polymer processing industry. The resulting intensity of the 3"¢ harmonic as a function of
strain amplitude, 73/ (7o), can be described by empirical equations (eg. 1.47 and eq. 1.51).
The derived non-linear parameters, A (non-linearity plateau), B (inverse critical strain), C
(slope of log/s/; vs. logy, at low strains) and D (non-linearity at low and medium strain
amplitudes), are used to quantify the material non-linear rheological behaviour.

Measurements performed for monodisperse polystyrene (PS) linear melts of a wide
range of molecular weights with M, = 41 kg/mol - 4530 kg/mol, reveal a strong correlation
between molecular weight and mechanical non-linearities, as quantified via FT-Rheology
with the relative intensity of the 3" harmonic, 5 /1, and therelative phase, ®3. Parameter D is
found to be proportional to M 25. In a polydisperse melt, the non-linear rheological behaviour
is dominated by the large macromolecules, however the effect of this high molecular weight
can be reduced by diluting the melt with smaller chains. An increase of polydispersity
index (PDI) up to 2, for a PS melt with M, ~ 100 kg/mol, can result to a 5 times larger
I3,;. Additionally, if a PS of high molecular weight (e.g. M., = 750 kg/mol) is “diluted” to

176
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70 wt % with a PS of low M, (e.g. M,, = 41 kg/mol) the derived parameter D for the blend
is found to be 1/6 of the value for high M,, component (e.g. M,, = 750 kg/mol). Combining
the results from LAOS flow measurements of polydisperse linear polystyrene melts and
binary blends, one can conclude that the non-linearities increase with increasing chan
length, or equivalently with increasing number of entanglements per macromolecule. The
non-linear response becomes more complicated when branches are incorporated in a linear
chain. Finite element simulations are performed to predict linear and non-linear rheological
properties of polystyrene comb-like architectures in melt or solution, using the Pom-pom
model in the DCPP formulation (double-convected Pom-pom model [Clemeur 03]). The
resulting intensities and phases of the higher harmonic contributions are in relatively good
agreement with experimental data, taking into account that the rheological properties of a
comb-like polymer are described by a multi-mode model for a pom-pom topology. For linear
polymers the Giesekus model performs as good as the DCPP in predicting FT-Rheology
data. However, when simulating LAOS flows for H-shaped and generally branched PS melts,
the DCPP model is found to satisfactory capture the non-linear rheological behaviour. An
increased number of relatively short branches (containing 1-2 entanglements per arm) can
act as a “solvent” for the polymer backbone, thus reducing the non-linearity, as measured
experimentally and predicted by the DCPP model. The effect from the presence of branches
of various lengths and quantities on the non-linear rheological behaviour of polymers is
demonstrated. Thus, it is experimentally and theoretically supported that FT-Rheology is
sensitive towards molecular structure, i.e. branching, molecular weight and molecular weight
distribution.

Samples of well-defined topology (mainly anionically synthesized) are good candidates
to be used for studying the effects of branching on the polymer shear flow. However, they are
mainly produced in alaboratory scale and their purity, monodispersity and stability may differ
significantly from that of industrial sasmples. Therefore, the method of combined experimental
FT-Rheology with complementary NMR spectroscopy analysis and finite element LAOS flow
simulations is extended to industrial polyolefines, specifically polyethylene (PE) of varying
molecular weight, molecular weight distribution, branching type and content. A dependence
of the resulting non-linearities on M, and PDI is also determined, in consistency with the
results from model polystyrene samples. The non-linear parameters A and B can be predicted
as a function of molecular weight distribution with a linear equation, a + bM,, + cPDI, for
linear and SCB polyethylenes. Additionally, an incorporation of a small amount of LCB
increases significantly the non-linearity of the stress response for the whole range of applied
deformations, as well as the 5. As an example, a LCB PE sample with M, = 123 kg/mol
and PDI = 7.1 contains 0.2 LCB/1000CH,, which result in increased values for A and
B (9 % and 0.3 respectively) in comparison with a linear PE of similar molecular weight
distribution, with A, = 117 kg/mol and PDI = 5.1 (with A =7 % and B = 0.23). Hence,
the FT-Rheology parameters introduced show a great potential in quantifying branching
content. The correlation between LCB and resulting 73/, and @3 is confirmed by coupling
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the non-linear rheological results with melt-state NMR and LAOS simulations using the
DCPP model. Large values of the branching parameter ¢ in this model are found to decrease
the non-linearity plateau the inverse critical strain, B and the slope C, hence acting as
“solvents’ for the backbone. Furthermore, when the pom-pom molecule relaxes mainly by
orientation and less by stretching (quantified via A/ \,) the parameter A decreases, however
the non-linearities increase at lower v, (larger B values) and with a larger slope (as given by
(). Additionally results from measuring blends of linear and LCB industria polyethylenes
of similar molecular weight distribution reveal a monotonic dependence of the intensities
and phases of the FT-spectrum on LCB sample content and prove the high sensitivity of
FT-Rheology on small concentrations of branched species in a miscible homogeneous
polyethylene melt, as low as 1-5 wt % of branched PE added in linear PE, while linear
rheology can detect concentrations higher than 10-30 wt % for these materials. For the
specific miscible linear/LCB PE blends, the non-linear parameters A, B and D are found to
increase linearly with the concentration of the LCB PE component. An additional potential
quantity to discriminate LCB and linear polyethylenesisthe zero-shear extrapolated phase of
the 3"¢ harmonic, ®. At the onset of non-linearity (at relatively low strain amplitudes) this
particular relative phase can be measured reproducibly and is found to be significantly large
for PE containing LCB than for linear PE. Finaly, the optimum conditions for probing LCB
in industrial polyethylene are investigated and are found to be T = 180 °C in combination
with large strain amplitudes, i.e. v, = 3 in a closed-cavity geometry with grooved surfaces to
avoid slippage (e.g. RPA2000) and low excitation frequencies, typically w/27 = 0.1 Hz.

A factor of great importance in polymer industry along with molecular architecture is
the occurring flow instabilities during processing of commercial products and especially
in industrial polyethylene. FT-Rheology is a useful robust tool to quantify the resulting
stress response in LAOS flows including instabilities. Combining results from a rheometer
sensitive at low strain amplitudes (ARES) and an apparatus where large deformations can be
applied with suppressed slippage (RPA2000) one can derive the “mastercurve” for the I3/
and ®3 as a function of ~g, for a specific excitation frequency and at constant temperature,
which will correspond only to the material inherent non-linearity. When flow instabilities
take place at an open-rim geometry, the resulting non-linearities depart significantly from
the expected non-linear response of the material, which within this work is referred to as
material inherent non-linearity. The relative intensity, 5,1(70), shows a sudden change in
slope departing from the predicted behaviour (A(1 — W)), the phase ®3(~,) exhibits
alocal maximum and even harmonics appear, i.e. I,/;(o) larger than the noise level being
typically 0.2%. Typically for the critical strain v, I/; > 0.1 %. This additional intensity
of the odd higher harmonics, as well as the appearance of even harmonics and the change in
corresponding relative phases, is attributed to the wall dlip of the sample in the parallel plate
flow configuration.

The onset of dip can be quantified and correlated with molecular weight and polymer
topology. The non-linearities quantified via FT-Rheology can be significantly changed by a
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surface modification of the plates. Using fluorocarbonated coating on steel plates, four times
large values for I,,; and I3/, are found and the critical strain for slip onset is reduced to
3/4 of the value for steel plates. The non-linear rheological behaviour depends generally in
all factors which influence the onset and development of flow instabilities, namely surface
material type, geometry of flow domain (e.g. sample thickness, grooved surfaces) and
deformation history. By using a sample of double thickness, or grooved surfaces in the
ARES open-rim geometry, the intensities can increase up to an order of magnitude, thus
indicating the occurrence of secondary flow and instabilities, such as meniscus distortions.
The test or process temperature is another important factor [Hatzikiriakos 92a, Larson 92].
Anincrease in the temperature from 180 °C to 200 °C, I3/, for the case of PS can be reduced
up to 1/3 of its value and the flow is stable for a wider range of deformations (increase of
Yo.critica)- 1 NEDIGhlY NON-linear and in some cases asymmetric stress signals are qualitatively
predicted via finite element LAOS simulations with the DCPP model and the slip model
which couples the dlip velocity with the wall shear stress. Finally, the FT-Rheology results
from LAOS flow can be correlated to sample behaviour during capillary extrusion. Thus,
the combination of FT-Rheology combined with capillary rheometry can be used to predict
extrudate distortions like sharkskin, stick-dlip, gross fracture in polyethylene. The study of
a specific set of industrial polyethylenes leads to the following conclusions. Low molecular
weight polyethylenes exhibit less flow instabilities and especialy by increasing the amount
of incorporated SCB, a shift of instabilities onset at higher critical deformations, or even a
suppression of stick-dlip and generally of intense extrudate distortions, is observed. On the
other hand, samples containing LCB and accordingly high values of I3, during LAOS flow
present instabilities at lower critical stresses and of higher pressure deviations, consequently
higher extrudate surface distortion amplitudes.

As dready pointed out that the normal forces and especialy the first normal stress
difference Ny =T ., - T, (or Ny =T 131 - T 92 within chapters 2 and 5) can be considered
to strongly affect the onset of dlip and the occurring flow non-linearities. In LAOS flow this
parameter can be used for differentiating topologies in the non-linear regime. Furthermore,
the potential of the stressratio, N, /o, [Larson 92], to be the critical parameter controlling
the onset of flow instabilities is preliminary examined. Within this work, this is evaluated
in numerical ssimulations for LAOS and capillary flows and the results reveal a correlation
between the normal stresses and topological characterization, aswell as flow instabilities.



Appendix

A Dimensionless numbers

The Reynolds number, Re describes the ratio of the kinetic energy, or inertia, to the energy
lost due to viscous forcesin aflow.

Re = —F (A.1)

where d is a characteristic distance for the flow, e.g. capillary diameter. The characteristic
velocity for thefluid isv and p and ) are the fluid density and the absol ute dynamic viscosity,
respectively. The Re can be defined for a couette flow [ Tanner 00]:

B pwh?
n

Re (A.2)

where w is the excitation frequency of the moving cup, 7 is calculated from o,/ v and his
the gap between the walls.

The Deborah number corresponds to the ratio of the characteristic relaxation time, e.g. 7
of the material to the characteristic observation time of the flow process, e.g. T, [Owens 02].
For an oscillatory shear with an excitation frequency w = 1/Tj it can be expressed as.

De=— = A.
e T Tw (A.3)

The Deborah number is zero for a Newtonian fluid and infinite for an ideal Hookean elastic
solid. However, in general the Deborah number associated with a material takes not asingle
value. If the characteristic time of the flow processis small, e.g. large w in aoscillatory shear
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rheometric flow, a material with a non-zero = will behave in a solid-like way. Conversely,
a material which appears solid, will behave fluid-like if the observation time is sufficiently
increased.

An aternative definition used to provide a quantitative measure for the viscoel asticity of
non-Newtonian fluids is the Weissenberg number, W; (or W, in literature). It is defined as:

v
h
where v and h are the characteristic process velocity and process length [Nassehi 02]. It can
be used to decide whether viscoel astic effects are significant in a certain flow problem or not.

B Tensor analysis

The tensor quantities and calculus relations used in the model s presented within thiswork are
presented here.
The gradient of ascaar ¢(z, y, z) is defined as:

06, 06, 0
V(¢) = a_ii + 8—‘53' + 8—fk (B.1)

wherei, j, k are the unit vectorsin a Cartesian coordinate system. The divergence of a vector
V(x,y, z) isdefined as:

9. 0. 0 , , oVi OV,  OVs
. = _— o —k . k =
V-V = (i+ =+ ook) - (Vi + Voj + Vsk) 8x+8y+8z

B.2
oxr Oy~ 0z (B2

A
T, is the lower-convected derivative of the viscoelastic extra stress, which is defined as
follows:

A DT
T:E+T~VVT—I—VV'T (B.3)
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'}‘ Is the upper-convected derivative of atensor T defined as:

DT
%:E—T'VV—VVT'T (B4)

where v isthe velocity vector and -- isthe material time derivative:

D 0
EZE—FV-V (B.5)

C Maxwell model for oscillatory shear

The Maxwell model can be used as shown below. in order to describe an oscillatory shear
flow. The applied sinusoidal shear strain, (t) = ~osinwt can be described by the following
complex expression [ Tanner 00]:

v(t) = yoexp(iwt), (C.D
¥ = o(iw)exp(iwt) = iwy(t)

In the dynamic steady-state:
o(t) = opexp(i(wt 4 9)), (C.2)
0 = op(iw)exp(i(wt + 0)) = iwo(t)

In the Maxwell model, the total shear rate is the sum of the shear rate of the elastic part
(spring) and the shear rate of the viscous component (dash-pot):

g = % + % = iwy(t) = i‘”g(t) + % (C3)
: G wo(t) o, G

il sm = e T e

G _, G
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where the ratio of strain to stressis defined as:

V() 1
ANV C4
o) ~ G () (€4
and n/G isthe relaxation time 7. Hence, eq. C.3 is expressed as follows:
G 1 . wT
G*(w) _1+E’G (w)_G1+in (€9

The resulting expression for the complex modulus is separated into a real and an imaginary
part:

w27'2 wT

7
14 w272 + 1+ w22

G (w) = G'(w) +iG" (W) = G( ) (C.6)

thus, from the above equations one can derive the expression for the storage and the loss
modulus as a function of frequency:

, w27_2

Clw) =615 (€7
. B wT

Gw) = 14 w?r?

From the above equation one can easily observe that for low excitation frequencies (w — 0),
G' xw?and G x w.

D Calculation of plateau modulus, GY;

Below are presented different ways to derive the plateau modulus, G%;, from a measurement
of G'(w), G"(w) and tan 4.

GY; can be determined from the value of G'(w) at the lower frequency where tan § is
minimum:

G?\/’ = [G/]tamSHminimum (Dl)
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Another method is by integrating G” in the flow transition region [Fetters 94].

+oo
2
== / G () dlnw (D.2)

—00

E 13C melt-state NM R spectrum and car bon site assignments

A schematic representation of a polyethylene chain with LCB ispresentedin fig. E.1, with the
several carbon cites detected by 3C. Below atypical NMR melt-state spectrum is shown with
the peaks assigned to the specific carbonsin the polyethylene branched chain.

) )

‘‘‘‘‘ 8\8/ \S/Y\B/a\*/a\B/Y\S/

) 4 2

\6.“‘ \3/ \1

N7 6\ 8

N B/Y\ 5

—

= =16

q

o 3y+d+4 B 2 1

38 34 30 26 22 18 ppm

Figure E.1: Typical melt-state '*C NMR spectrum of a polyethylene containing branches of seven
carbons in length or longer [Klimke 06].

F Pom-pom model

The Pom-pom model is described below at its initial configuration [McLeish98]. The
approximation of the model to a differential form is additionally provided [Inkson 99] and
the transformation to its DCPP formulation is given by Rutgers et al. [Rutgers 02], which is
the formulation used in the present thesis. For a polymer molecule with a pom-pom topology
(seefig. 2.4), M,, M, and q are the backbone molecular weight, the arms molecular weight
and the number of arms attached to each backbone end, respectively. The dimensionless
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partial molecular weights are defined as s, = M, /M, and s, = M,/M., where M, isthe
entanglement molecular weight. The relaxation process of a pom-pom molecule cannot be
fully described by the Doi-Edwards tube theory. Thisis due to the existence of branch points
at the backbone ends, which act as topological constrains for the reptation of the backbone.

F.1 Branch point withdrawal

The resistance to the reptation of the backbone due to the branch points cannot be unlimited.
The Doi-Edwards type tube, in which the backbone is reptating to relax, has a diameter a.
Taking a linear chain into account, in order to maintain Gaussian chain statistics in equilib-
rium, anet Brownian force on every free chain end of magnitude £7"/a would tend to maintain
the curvilinear path of the chain segment within the tube. Hence, the pom-pom backbone may
be stretched by the ¢ free ends until it sustains a curvilinear tension of ¢k7'/a. Beyond this
tension, the free ends are withdrawn into the tube. The path length of an arm forced to adopt a
configuration set by backbone orientation due to arm withdrawal isin units of tube diameter,
se With0 < s. < M, /M.,.

F.2 Linear stressrelaxation

The free arms in a pom-pom melt relax as if they were in a star polymer melt, except for
one aspect, the backbones remain effective network parts throughout the relaxation process
and exhibit a spectrum of relaxation times. The relaxation time spectrum for an arm, 7,(x) is
given by [Milner 97]:

15 (1 —2x)?
Ta(x) = 7—0€$p[zsa( 9 )

(1—x)°
3

— (1 —¢s)

] (F1)

where ¢, is the effectively fixed backbone material and x is a fraction of the tube segment
from the branch point to the free end (retracted chain part). The constant 7 is an attempt
time for deep retractions of the entangled dangling arm [McLeish 98]. The modulus has a
guadratic dependence on concentration of oriented polymer segments and for these timescales
[McLeish 98]:

G(t) = Goln + (1 = 6) [ e/’ (F2)
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The effective friction for the reptation of the backbone with a curvilinear motion is found
at the branch points. A branch point moved within the tube for a distance equal to the tube
diameter, a after atime 7,(0) has a diffusion constant D, = a*/27,(0). Thus, using Einstein’s
equation and requiring that the drag on a branch point increases linearly with ¢, the branch
point friction constant, ¢, is given by:

kT 72(0)
W=, =

[

(F3)

The characteristic time for orientational relaxation of the backbone, 7, is the diffusion time
of a one-dimensional walker with a diffusion constant, D_./2, to move along a mean sguare
distance of the dilated primitive path between the branch points, L2. Assuming M, « 1/¢;
(¢s in this case is the concentration of entangled segments), the dilated tube diameter has an
effective value a. sy = aqbgl/Q and sycrp = spPp. Thus, L? = 57 ;ca2;; = a’*dysi. Finally, the
backbone relaxation time via orientation is given:

4
T = ;8?%%(0)61 (F.4)

By assigning a single relaxation time to the backbone material, the full relaxation modulus
becomes:

G(t) _ GO(¢b€_t/Tb + (1 _ ¢b) /01 e—t/Ta(z)dl.)Q (F5)

The stress is assumed to be calculated as a function of molecular orientation, and that in turn
as in the tube-model theory [Doi 86], may be calculated by the orientation distribution of
occupied tube segments, u. For linear polymers with known u, when are not stretched beyond
equilibrium contour length of chain per tube segment, the stress tensor may be written:

o= 1745(}’0<uu> (F.6)

Hence, a modified stress expression in terms of the high-frequency plateau modulus, arising
from the backbone aone (the arms relax in a much faster timescale) is:
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o= %Goqﬁ%(uu} (F.7)
— Sb

Sp + 2q8,

The factor ¢, is accounting for the number of elastically active segments and multiplied by
another ¢, factor accounting for the dependence of the tube diameter, a, on concentration.
Assuming that the orientation distribution is aweak function of position along the backbone,
the unique measure of orientation also imposed upon the withdrawn material is the tensor
S = (uu). Finally, the stress can be expressed as:

1 2 2gs.()
7 = G0 (1) + 5 TS (1) F8)
_ 5%
s+ 2qs,

where A is the dimensionless stretch ratio of the backbone path length to its equilibrium
length.

F.3 Dynamic equations

The orientation tensor S measuresthe distribution of the unit vectors describing the orientation
of tube segments in the deforming melt. A dynamical system of evolution equations is used
for S(t), A(t) and s.(t), which are used to construct the stress. For a flow with s. > 0, the
orientation characteristic time can be generalized as follows:

Ty = %S§¢b7a<xc<t))q (Fg)

where z.(t) = s./s,. Tube segments are created at arate t, ' and afterwards extended during
the flow. A segment created with orientation u at timet’, hasan orientation E(¢, ¢')- u/|E(t, t')-
u| at time ¢, where E(¢,t’) is the local deformation gradient tensor between these times
[McLeish 98]. Segments created at time ¢’ with orientation u carry a relative weight of
|E(t,t') - ul/{|E(t,t') - u|) in the distribution at time ¢, since a segment will increase in length
and therefore in the amount of chain it carriesby |E(¢,t') - u|. The surviving probability itself
is the exponential of the time integral of destruction rates 7, ' (¢”) intheinterval ¢’ < ¢ < t”.
The resulting expression for S(¢) is then:
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Y U RS P LA IO R TA R TR B

S<t):/_t dt’ ot 1 E(t,t’)-uE(t,t’)-u> (F10)

If we define the deformation rate tensor K such that OE(¢,t')/0t=K.E(t, ') then the average
increase in backbone length per unit length of tube is K:S and the relative curvilinear tube
velocity is LK.S, where L(t) is the curvilinear distance of separation between two branch
points along the tube. By setting the frictional drag force from the relative velocity equal to
the elastic force restoring L to its equilibrium length, we obtain:

Cb(K-S - 8_L) = i

o (L — spa) (F11)

for ¢, ineq. F.3 and introducing A we obtain:

OA 1
— =AK:S)——(A-1 F.12
or = MIS) = —(A - 1) (F12)
where A < q.
The stretch relaxation timescale, 7, which appears only in non-linear deformations is

given by:

Ts = Sp7a(0)q (F13)

For the branch point withdrawal dynamic equation, we balance the drag and elastic tension
and cancel the dimensional factors of the tube diameter obtaining the following for s..:

1
98 _ (qﬁ +s.)K:S—

ot 2 27a(50) (F14)

For the above equation, A= q.

The eg. F.10, F.12 and F.14, with the expressions for the variable timescales, eq. F9 and
F.13, along with the equation for stress F.8 construct the simplified constitutive formulation
for the pom-pom material [Inkson 99, McLeish 98].



F POM-POM MODEL 189

F.4 Approximate differential model

For the evolution of a tensor of unit trace in a flow, we can have the following differential
equation:

0S(¢) . 1 1
) —KS+SKT-2(8S:K)S— —(S—-I F1
= S+$S (S:K)S — —(S— 1) (F.15)

In order to retain the simplicity of the above equation and obtain stable solutions, the calcula
tion of S(¢) is performed as:

O0A(t) r 1 1
— =K K'— —(A - ¢ F.16
5 —K-ATAK - (A, (F.16)

__AQ
S(t) = trace[A(t)]

In alater paper for the Pom-pom model [Inkson 99] the evolution of A(t) is expressed as.

a‘g—t(t)Jru-VA:K-AJFA-KT—i(A—I) (F17)
T

where K = Vu. The multi-mode model is introduced by adding the stress contribution of
all n modes (from eq. F.8. Equation F.17 can be rewritten using the definition of the upper-
convective derivative :

A (t) + i(Ai(t) ~1)=0 (F.18)

Thi

where i isthe number of each individual mode. A correction isintroduced in the equation for
the stretch [Rutgers 02], eq. F.12 which is given by:

DU _ A0(vu: 8,(0) — - (au(t) — e @07 (F19)

which is strictly for A;(t) < g, otherwise A;(¢) = ¢. In this multi-mode version of the model
thetotal stressis given by:
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o(t) = Z 3GiAZ(1)Ss(t) (F.20)

In the extended and the double-convected (DCPP) formulation, the relaxation time for orien-
tation is denoted as A and the stretching characteristic time, \,, refers to the above mention
7, and 7, respectively. In order to introduce a non-vanishing second normal stress difference
and derive a congtitutive equation in terms of a viscoelastic extra-stress tensor, T a closure
approximation isintroduced [ Clemeur 03]:

trace[A(t)] = A® (F21)

The extended Pom-pom model (SXPP) can be written as follows:

T +AT)™'- T =2GD (F22)

AT = %[%T + AT I+ Gf(T) = 1)T (F.23)

1 _ 2 2(Ap-1)(y _ 1 1 B atrace(T - T

)\f(T) t— Ase (1 AB) + )\A2B(1 —=;z ) (F.24)
traceT

Ap = /(1 + e ) (F.25)

where a is a*” Giesekus-like” non-linear parameter. The above model is referred to as DXPP.
To circumvent singularity problems that occur the model is further modified [Clemeur 03].
An additional parameter is introduced, &, which controls the ratio of the second to the first
normal stress difference.

A+ A[(1— §> X +§ Al-L-0 (F26)

I
3

Thus, the orientation equation in the DCPP formulation is given by:

£, 84 . 1 I,
Al(1 - 5) S +3 S|+ A(1—¢)[2D: S|S + F[S — g] =0 (F.27)

The unknowns S and A obey also the equation:
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DA
Ay — As(D s S)A + (A — 1)e2A-Dla — ¢ (F.28)

Finally, the viscoel astic extra stress tensor in asingle-mode DCPP (for a multi-mode the stress
contributions are ssimply added) is given by the following equation:

B

T = (3A%S — 1) (F.29)

1 —

e
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