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1 | INTRODUCTION
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Jonathan Schaefer® |
Johannes A. W. van Dommelen?

Abstract

Researchers have long sought to predict the mechanical behavior of polyethyl-
ene from its microstructure. In particular, the yield strength and yield kinetics
have been reported to be dependent on crystallinity and crystal thickness, but
the relative importance of these two microstructural attributes has not been
shown. In the present work, a series of microstructures was obtained through
a combination of controlled quench rates from the melt and inclusion of vari-
ous amounts of hexene comonomer. The yield strength for a wide range of
strain-rates was linearly dependent on the crystallinity, and independent of
crystal thickness (chain stem length), both measured by Raman spectroscopy.
Similarly, yield kinetics described by a Ree-Eyring two-process stress activated
model showed linear dependence on crystallinity and no dependence on crys-
tal thickness. The results of the present work call into question models of yield
kinetics dependent on screw dislocation nucleation, which depend on crystal
thickness.

KEYWORDS

crystal thickness, crystallinity, polyethylene, Raman spectroscopy, stem length, yield
kinetics, yield strength

This ambiguous correlation of yield strength was compli-
cated by the strong correlation that exists between crys-

Researchers have long sought to predict the mechanical
behavior of polyethylene (PE) from its molecular or
microstructural characteristics. The mechanical proper-
ties of a wide variety of microstructures of homopolymers
and copolymers of polyethylene have been systematically
investigated by a number of investigators." In these
works, the elastic modulus was widely reported to
depend directly on the crystallinity, but there was dis-
agreement in these reports on whether the yield strength
depends primarily on crystallinity or crystal thickness.

Jevan Furmanski, Leon Govaert and Johannes A. W. van Dommelen
contributed equally to this work.

tallinity and crystal thickness, potentially rendering them
interchangeable. To the authors’ knowledge, there has
been no attempt yet to determine the yield strength as a
function of both crystallinity and crystal thickness, and
thus judge their relative contributions.

The yield stress of polyethylene is known to display a
marked dependence on applied strain rate and tempera-
ture."® The yield kinetics typically give evidence of the
contributions of at least two molecular deformation pro-
cesses, which results in distinct regimes with different
strain rate and temperature dependence of the yield
strength. This behavior was modeled using the Ree-
Eyring modification” of Eyring's activated flow model,®
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resulting in an accurate prediction of yield strength over a
wide range of strain rates and temperatures, and also pre-
dicting creep rupture lifetime in the plasticity-controlled
regime.®

The yield kinetics of polyethylene have been success-
fully modeled as an activated-rate process,® particularly
with the objective of predicting the long-term failure of
pressurized pipes. These typically consider plasticity as a
Ree-Eyring dual-activation mechanism process, which
results in two distinct regimes of yield strength depen-
dence on strain-rate.®”® These studies were generally con-
ducted at or above room temperature, though others
have tested over a wide range of temperatures and a lim-
ited range of strain-rates." These models have been suc-
cessful in fitting a wide range of yield kinetics and also
predicting ductile failure lifetimes under constant load.®

Plastic deformation in polyethylene crystals is widely
attributed to crystallographic slip mechanisms similar to
that in metals, mainly building off the dislocation nucle-
ation model proposed by Young® and a research working
out the energetics of various slip systems in polyethyl-
ene.'” This was conceived in large part to predict the
strain-rate and temperature dependence of plasticity in
polyethylene from a fundamental mechanism. Young's
model derived the critical resolved shear stress for slip
based on the energy of the [001] chain axis screw disloca-
tion, which has by far the lowest line energy of any
allowable dislocation,'® and thus the model predicts a
crystal thickness dependence of the activation energy for
nucleating dislocations and plasticity in general. How-
ever, in his original paper on the subject, Young noted
that the application of a simple composite model
accounts for the yield strength dependence based on crys-
tallinity and the effect of crystal thickness per se may not
be consequential.’ Various other works picked up and
expanded on Young's screw dislocation nucleation
model,""™"* all of which consider the yield strength as
dependent on crystal thickness and did not directly con-
sider crystallinity, but rather implicitly attributed the
yield dependence on crystal thickness only and indepen-
dent of crystallinity. It should be noted that these works
generally report yield as a function of crystal thickness,
rather than the more operative chain stem length within
the crystal—the chain stems being tilted as some
35 degrees to the surface normal of the crystals.**®

Modeling of the plastic behavior of polyethylene as a
semicrystalline composite aggregate has more recently been
undertaken, which allows for the accounting of the effects
(in principle) of crystallinity, crystal thickness, and crystal
orientation distributions.'” 2" In these works, the simulta-
neous activity of the various slip systems in the crystal
phase depends on the relative critical resolved shear stres-
ses for each system. These large-strain micromechanical

models of polyethylene deformation have been successful
in predicting the evolution of the microstructure with
deformation and the attendant development of mechani-
cal anisotropy and crystalline texture. However, while
these micromechanical models are based on fine crystallo-
graphic slip, they do not explicitly call out the yield kinet-
ics using a dislocation nucleation mechanism as the rate-
determining step, but rather utilize a calibration of a
thickness-independent slip resistance on each slip system.
This represents something of an opportunity, as these
models should be fully able to account for both the effect
of crystallinity on the overall resistance to deformation in
the composite semicrystalline aggregate and the effect of
crystal thickness as determining the local slip resistance
in a given crystal. To the authors' knowledge, there is no
report that considers the potential for a simultaneous
effect of both crystallinity and crystal thickness on yield
kinetics. The present work was conducted to conclusively
determines the simultaneous effect of both crystallinity
and crystal thickness on yield kinetics to inform physically
predictive micromechanical models of semicrystalline

polymers.

2 | MATERIALS AND METHODS

2.1 | Materials and yield stress
determination

The strategy of this work was to obtain a wide range of crys-
tallinity and stem lengths by varying crystallization with
both undercooling and various concentrations of random
short-chain branching. The intent was to use short-chain
branching to restrict crystal stem length more directly than
that obtainable by controlled undercooling alone in high
density polyethylenes (HDPE), and thus enable the decorre-
lation of stem length from crystallinity as a structural
parameter. Only nominal densities above 0.92 g/cc were
considered to ensure lamellar microstructures; the micellar
microstructures that form at lower densities exhibit predom-
inantly elastomeric behavior and may not show well-
behaved crystallographic slip.** This approach is nominally
similar to that employed by other investigators.'~

All the polyethylenes were gas phase polymerized com-
mercial products chosen as model materials for their narrow
molecular weight and comonomer content distributions. All
PE employed had a similar weight-averaged molecular
weight M,, ~130,000 g/mol. One chrome-catalyzed HDPE
was chosen for its relatively low polydispersity, My,/M,, ~7.
Five metallocene-catalyzed hexene comonomer linear-low
density polyethylenes (LLDPE) were chosen for their nearly
ideal polydispersity, M,,/M, ~2, and their unusually narrow
composition distribution, meaning that the randomly
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incorporated hexene comonomer has nearly constant mole
fraction for all molecular weight fractions. The nominal
densities of the LLDPE resins were 0.920, 0.923, 0.927,
0.935, and 0.940 g/cc.

Compression-molded 0.5 mm thick plaques were
crystallized by various cooling conditions: slow-cooling
in the press overnight by leaving it under pressure after
shutting off the heaters (further referred to as slow-
cooled: SC); quenching in the press by water-cooled
platens (further referred to as press-cooled: PC); air-
cooling on the benchtop (AC); and quenching in an ice
bath (IC). The latter two were only applied to the HDPE.
Density measurements of the compression molded pla-
ques were performed in a density gradient column (DGC)
according to ASTM D1505-10.

Tensile dogbone specimens were punched from the
plaques with a geometry conforming to ISO 527. Tensile
tests were conducted on a Zwick Z010 load frame,
equipped with a thermostatically-controlled oven, at
engineering strain-rates ranging from 107> to 10~ '/s at
65 and 80 °C. The yield strength reported in all cases was
the first yield point, and was identified by the inter-
section of two linear interpolations of the stress-strain
curve adjacent to the yield transition. Two tests per con-
dition were conducted for strain-rates 102 or greater,
and only one was conducted for all other conditions.

A coupled analysis of crystallinity and stem length
dependence of the yield strength was analyzed using a
model considering yield linearly dependent on crystallin-
ity, with this crystallinity dependence also secondarily
dependent on stem length. Details of this model are pre-
sented in the Results section. The yield strengths at each
strain-rate for a given temperature were then fit to a two-
term stress-activated Ree-Eyring model,” and the param-
eters of the Ree-Eyring model were also evaluated using
a coupled linear model of crystallinity and chain stem
length similar to the yield strength. As a note, the test
temperatures were chosen to permit a continuous fit to
the full Ree-Eyring model for all materials and strain-
rates. Lower test temperatures can result in only one
observed activation regime in the model."’

2.2 | X-ray scattering

X-ray scattering patterns were collected on a Ganesha
300XL instrument from SAXSLAB (now part of Xenocs).
A Genix 3D microfocus Cu x-ray source was used to pro-
duce x-rays at 50 kV and 0.6 mA, which was passed to an
optic to select out the Cu Ka, characteristic x-ray line.
The beam was further conditioned by two sets of slits
(0.9 x 0.9 mm and 0.8 x 0.8 mm), with the last set having
Si scatterless blades. The patterns were collected in

transmission mode in vacuum with a sample-to-detector
distance of 92.3 and 1042.3 mm and calibrated with a
sample of Lanthanum Hexaboride and Silver Behenate
for WAXS and SAXS respectively. The detector used was
a Dectris Pilatus 300 K vacuum compatible single-photon
counting detector, which is fully motorized inside the
chamber. The 2D detector images were transmission cor-
rected and reduced to 1D scattering patterns with the
SAXSGUI software. There was no orientation detected in
any of the cooled samples.

Peak deconvolution was performed in OriginPro 2018
using the Peak Analysis tool. WAXS patterns were fit
with two Gaussian curves for the 110 and 200 orthorhom-
bic diffraction peaks and a Pearson VII function for the
amorphous halo. The crystallinity is calculated based on
the integrated intensity ratio of the crystalline to
total area:

Xc _ Acrystalline (1)

Acrystalline +Aamorphous

SAXS showed multiple orders of 00 L lamellar diffrac-
tion peaks, which is typical of highly crystalline samples
with somewhat regularly spaced lamellae. These were fit
with Gaussian curves and the peak-max position was
used to calculate the inter-lamellar spacing (Ly). Further,
a 1D correlation function, I'; (r), analysis was performed
on the SAXS curves to extract crystal thickness values
(l.), where:

ni) =g / " I(g)q?cos (qr)dg 2)

with I(q) being the scattered intensity and the scattering
invariant, Q, being:

Q= /O I (9)q°dgq (3)

The crystal thickness, I, and other parameters were
calculated from I'; according to the procedure in Refer-
ence 23. The intensity was extrapolated to 0 and high-q
values, as is typical in this analysis, with a Guinier and
Porod fit of the intensity, respectively.

Guinier : I(q) = A" (4)
Porod : I(q) :B+§ (5)

The more important forward extrapolation gave the
best results when fit with sharp interfaces (g~ *), although
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a sigmoidal electron density profile was used, the inter-
face parameter tended to O during the fitting process.

The I, values were assumed to be the larger of the two
domains (I and l,) as the WAXS crystallinity values were
greater than 50%. The L, values between SAXS peak
fitting and correlation function analysis showed good
agreement.

2.3 | Raman spectroscopy

A confocal Raman microscope Alpha 300 R™ (WITec,
Inc., Ulm, Germany) equipped with a 785 nm excitation
laser was utilized to investigate the compression molded
PE plaques described previously. The 785 nm excitation
light was focused onto the PE plaques using a 0.25 NA
(10x magnification) microscope objective (Zeiss, Oberko-
chen, Germany) allowing for a greater depth of field.
Raman scattered light from the focused 785 nm excita-
tion spot was collected using a 180° backscattering geom-
etry through the same objective and directed through an
optical fiber to a spectrometer with a 300 and 1200 g/mm
grating. Raman scattered light was dispersed by the spec-
trometer using a selected grating onto a CCD camera
(ANDOR, Belfast, Northern Ireland) to produce a Raman
spectrum.

Raman spectra were collected from approximately
625 to 3050 cm ™' using the 300 g/mm grating to capture
the vibrational regions of interest for determining poly-
ethylene phase morphology. Quantification of polyethyl-
ene phase structure was performed similarly to work
previously reported by Strobl and Hagedorn.** A brief
description of the Raman spectral analysis is described,
which begins with linear baseline corrections to the C—C
stretch (1020-1160 cm™ '), CH, twist (1250-1350 cm ™),
and the CH, bend (1390-1510 cm ') regions of interest
in the Raman spectrum (Figure 1A).

The CH, twist region was decomposed by peak fitting
to yield the areas of the all-trans conformation band at
1295 cm ! and the underlying amorphous conformation
band at 1303 cm ™ for the purpose of spectral normaliza-
tion (Figure 1B). Spectral regions of interest (C—C stretch,
CH, twist, and CH, bend) were normalized to the total
area of the CH, twist region (all-trans and amorphous
bands), where the CH, twist peak area was corrected to
1. Peak area of the CH,, twist band was used as an internal
standard for normalization due to the integral area of this
region being independent of chain conformation as
shown by Strobl and Hagedorn.”* Finally, amorphous
contributions from a molten polyethylene spectrum at
160 °C were removed from the spectral regions of interest
through a weighted subtraction using primarily amor-
phous frequencies from 1077 to 1102 cm™ " in the C—C

o

0.09 i~

0.06
0.03
0.00
I : 1 : 1

1000 11 00 1 200 1300 1400 1500
Raman Shift (cm™)

—— Orthorhombic Fit

—~ 8100k C C Stretch CH,Twist CH,Bend
2
< s400]-
2
EIVEB N
)
[
2’ O ] A 1 A 1
T 8100} 1295 Fit
% I 1303 Fit
3 5400
c L
g 2700}
© L
0
] A 1 L 1
0.099 — Normalized Spectrum
L — Amorphous Fraction
0.066 -
0.033 - A
0.000 - : :

Normalized Scattering Intensity (A.U.)

FIGURE 1 (A) Linear baseline corrected C—C stretch, CH,
twist, and CH, bend regions from the Raman spectrum of an ice
water quenched HDPE polyethylene plaque. (B) Gaussian fits of the
all-trans 1295 cm™" and amorphous 1303 cm™" peaks deconvoluted
from the CH, twist region. (C) Normalized polyethylene spectrum
and weighted amorphous fraction contributions. (D) Gaussian fit of
the orthorhombic crystalline peak after weighted subtraction of the
amorphous phase

stretch region and frequencies from 1305 to 1349 cm™ ' in
the CH, twist region (Figure 1C). Removal of the amor-
phous phase contributions was performed before fitting of
the orthorhombic crystalline peak at 1416 cm™ ', which
was integrated and ratioed to an experimentally deter-
mined constant for quantification of orthorhombic crys-
tallinity (Figure 1D). Orthorhombic crystallinity values
from Raman spectroscopy compared reasonably well with
X-ray crystallinity values determined from WAXS
(Figure 2) on the chrome-catalyzed HDPE, although nei-
ther the Raman or X-ray orthorhombic crystallinity values
align with crystallinity derived from density.

It was found that the all-trans conformer mass frac-
tion from the CH, twist region was more consistent with
the theoretical crystallinity derived from the density of
the polymer than the orthorhombic crystallinity from
Raman spectroscopy, indicating that a significant portion
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versus the crystallinity determined from WAXS. Line shows parity,
indicating that that the WAXS orthorhombic crystallinity is slightly
greater than the Raman value, but generally the agreement is close. =
-
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FIGURE 3 Plot of the density gradient column measurements

versus the mass fractions of the all-trans conformations and
orthorhombic crystallinity obtained from Raman spectroscopy. In
addition, a theoretical line of density calculated from the all-trans
conformer mass fraction is plotted for comparison, showing good
agreement.

of the effective crystallinity is non-orthorhombic. This
can be seen in the plot of the all-trans conformer mass
fraction and orthorhombic crystallinity versus density in
Figure 3, where it is apparent that the all-trans conformer
mass fraction and orthorhombic crystallinity have similar
slopes, but the all-trans conformer mass fraction is offset
from the orthorhombic crystallinity. The density can be
calculated assuming a density of 1.003 g/cm? for the all-
trans conformer mass fraction and 0.850 g/cm® for the
non-crystalline mass fraction,” resulting in good agree-
ment with the density obtained from the density gradient
column (DGC) for all samples (Figure 3). For this reason,
the all-trans conformer mass fraction was used instead of
the orthorhombic mass fraction for crystallinity results
presented in this work.

Low wavenumber Raman spectroscopy was used
to study the Longitudinal Acoustic Mode (LAM) of

polyethylene, where spectra were collected over a range
of 0-550 cm ™" using a 1200 g/mm grating. Methodology
for analyzing the LAM spectra of polyethylene was
described previously by Snyder*>*® and employed in this
work with some additional data treatment. The funda-
mental equation used to interpret the LAM spectrum of
polyethylene is given below

Ay(LAM) = % (%) " (6)

where m is the order of the vibrational mode, c is the
speed of light, L is the straight-chain segment length, E, is
the elastic modulus, and p is the density of the crystalline
chains. Equation (6) relates stem length or straight chain
segment length L to the Raman spectrum frequency Av.
Low wavenumber Raman spectra of the LAM-1 mode
contained significant noise, which was smoothed using a
5-point moving average filter. After smoothing the spec-
tra, a baseline correction was performed by fitting a poly-
nomial to the excitation laser background (Figure 4A). A
linear baseline fit was applied after the polynomial
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FIGURE 5
and chain stem length were varied independently through thermal

Crystallinity (all-trans conformer mass fraction)

treatment and comonomer concentration. The shape of the symbol
is used to indicate the thermal treatment and color to denote the
polymer. Trend lines are added to differentiate the effect of cooling
rate (short dashes) from nominal density (long dashes).

background subtraction to define the beginning and end
points of the distribution, which was then normalized to
an area of 1.

Following the removal of the polynomial background
fit and linear correction, a Boltzmann temperature and
frequency correction were applied to the observed Raman
scattering intensity to obtain the straight chain segment
length distribution as can be seen in Figure 4B, which is
normalized to an area of 1.>>%® The ordered chain length
distribution is related to the observed Raman scattering
intensity by the following equation:

) [1- e (<57 [ @m0

where 9% is the observed scattering intensity at fre-
quency v, [1— exp (—%)J is the Boltzmann correction
for temperature, and (A7) is a frequency correction for

the distribution f{L) in units of length L.

3 | RESULTS

3.1 | Morphology

Crystallinity and stem length were controllably varied by
utilizing short-chain branching in addition to processing
conditions (Figure 5). Taking the quenched materials (min-
imum stem length) for each nominal density, one obtains a
baseline “density effect” correlation between stem length

and crystallinity. Fortunately, considering the case of a spe-
cific resin, the set of various quench conditions results in a
correlation between stem length and crystallinity that is
not parallel to the composition baseline correlation. In this
way, we were able to independently vary stem length and
crystallinity such that their influence on plasticity can be
assessed separately and simultaneously.

3.2 | Coupled crystallinity and stem
length analysis of yield

The complete deformation response at 65 °C up to failure
or 60% strain is shown in Figure 6 for HDPE SC and
LLDPE940 SC. A peak stress at yield is evident for HDPE,
while for lower densities the peak is marginal or there is
no peak at yield. The general lack of a peak stress at yield
drives the need to use a bilinear extrapolation to deter-
mine the yield strength. A second yield transition is also
evident in the lower strain-rate tests for the LLDPE940
(and other LLDPES), just prior to the onset of necking.

Figure 7 presents the yield strength as a function of
crystallinity for each applied strain-rate, ¢; it is clear that
for each strain rate, the yield strength depends approxi-
mately linearly on crystallinity, &, within the range of
strain rates considered.

The clear linear dependence of the yield strength on
crystallinity at each strain-rate motivates a linear model
function of crystallinity, where it can be represented as a
crystalline yield function A that depends on strain-rate, &,
and chain stem length, L, and is linear with the crystal-
linity, &, in addition to a second non-crystalline yield
function B that depends only on strain-rate and is linear
with the non-crystalline fraction, (1 — ¢&):

oy(é,6,L) =A(&,L)¢+B(&)(1-¢) (8)

The crystalline yield function A is itself considered
linear in stem length,

A(e,L) =A,(&)L+A(¢) (9)

which allows for the modeling of the yield strength as
primarily linearly dependent on crystallinity through A,
and B, but secondarily linearly dependent on stem length
through A4,.

Thus, for a certain fixed strain-rate, we can rewrite
the expanded form of Equations (8) and (9),

6y =E&(A,—B)+ELA +B (10)

Pulling the crystallinity and constant functions to the
left-hand side, we obtain a linear function of the stem
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Dependence of yield strength on crystallinity for

length (Equation 11). This allows the analysis of data
fit to Equation (8) in Figure (6) to be analyzed for a
secondary dependence in stem length.

oy—B

= (A2 —B)+LA, (11)

After fitting the yield strength data to Equation (8)
for each strain-rate (Figure 7) plotting according to
Equation (11) yields a series of linear interpolations of
the secondary stem length dependence of the yield
strength for various constant strain-rates (Figure 8). It
is clear from Figure 8 that the secondary stem length
dependence is negligible. This demonstrates that crys-
tallinity alone is a sufficient morphological determinant
of the strain-rate and temperature-dependent yield
strength.
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FIGURE 8 The secondary stem length dependence of the yield
function is negligible for all conditions

3.3 | Coupled crystallinity and stem
length analysis of the Ree-Eyring model
parameters

The preceding analysis showed the yield strength is depen-
dent only on crystallinity when both the strain-rate and
temperature are fixed, but for all the tested strain-rates and
temperatures tested. A unified model that predicts the
strain-rate and temperature effects on yield with a single
set of crystallinity and stem length-dependent parameters
would be more conclusive. Thus, the Ree-Eyring activated
rate model was employed and tested for crystallinity and
chain stem length dependence of its free parameters.

The Ree-Eyring activated rate model of yield
considers two activated-rate dissipative processes in par-
allel, with the second term corresponding to the higher
strain-rate activated component (Figure 9).
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FIGURE 9 The Ree-Eyring model considers two activated-rate
processes in parallel with the second system by convention
activating at higher strain-rates

The Ree-Eyring Equation (7),

_ T Gnn! £
vy Zorexp (— AU, /kT)
kT :

sinh™! <
Vi éoqrexp(—AUy/kT)

(12)

was fit to the yield strength data with the activation vol-
umes (Equation 13) and combined rate constants
(Equations 14 and 15) considered as a linear function of
crystallinity and stem length, similarly to the above anal-
ysis of the yield strength. Yield strength measurements
were plotted against log(strain-rate) in the typical man-
ner for stress-activation plots, and regression fits were
obtained for each curve according to the two-process
Ree-Eyring model (Figure 10). In the fitting procedure,
the activation volume for the first process, Vi*, was
assumed to be constant, and taken the value determined
by Kanters et al. for HDPE.® The reason for this was that
the range of strain-rate available for calibrating the first
process alone was limited as a result of annealing effects:
the long experimental times at low strain-rates lead, at
elevated temperature, to microstructural changes that
increase the yield stress during the experiment. This was
verified by performing annealing treatments with
extended exposure times, after which the yield stress at a
strain-rate of 10> s~ was observed to increase markedly.
Hence the data at strain-rates lower than 10~* s7!, indi-
cated by the gray markers in Figure 10, were omitted from
the analysis, though the effect only appears significant for
the lower crystallinity materials. Within the remaining
range of strain-rates for Process I, the activation volume
could, within experimental error, be assumed as constant.

The linear modeling of the yield kinetics was con-
ducted as before, but for the free parameters in the Ree—
Eyring model. Thus, for a given strain-rate and tempera-
ture, we have the activation volume function, where C;,
C,, and D are constants,

V* =&(Cy— D)+ ELCy +D (13)

and the combined rate constant for each term is col-
lapsed, such that the rate constant ¢, and Arrhenius acti-
vation term are combined into a single parameter, F:

F=1log (éo exp (_i—;}> ) (14)

The combined rate constant F is also treated as a lin-
ear function of crystallinity and stem length similar to
above, where G, G,, and H are fit constants.

F=¢(G,—H)+¢LGy +H. (15)

The crystallinity and stem length dependent activa-
tion volumes and combined rate constants were simulta-
neously fit to the continuous yield data as seen in
Figure 10, and the results for the individual parameter
dependences on crystallinity are shown in Figures 11 and
12. Process I activation volume is held constant and is
shown gray to indicate that it is not allowed to vary in
the fitting process. Additionally, data from the two lowest
density materials are omitted from Figure 11 as the fit for
Vir* had a low confidence.

The activation volume and combined rate constant are
both linear with crystallinity, which validates the assumed
form in the model. The first term activation volume is
assumed independent of crystallinity and the second term
is linear and inversely correlated with crystallinity. The
combined rate constant for Process I is inversely correlated
with crystallinity, as is the Process II combined rate
constant, but weakly so.

Following the same procedure as for the yield
strength, the secondary stem length dependence of the
activation volumes and combined rate constants is seen
to be negligible (Figures 13 and 14). Thus, it has been
demonstrated that the yield kinetics and their mechani-
cal and thermal activation over a wide range of quasi-
static strain-rates at elevated temperature are linearly
dependent on crystallinity and independent of chain stem
length in the crystal lamellae.

4 | DISCUSSION

The results of this work strongly conclude that the yield
kinetics of lamellar polyethylene at elevated tempera-
tures is dependent on crystallinity and not on crystal
chain stem length. The set of polyethylene homopolymer
and copolymers and solidification conditions utilized in
this work achieved some independence of crystallinity
from crystal thickness such that these two morphological
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microstructural annealing over long duration experiments.

attributes could be disentangled in a two-factor analysis.
The experimental results clearly indicate that the yield
strength and its activated rate behavior are linearly
dependent on crystallinity for a given strain-rate and
temperature, and that any secondary effect of chain stem
length is negligible. It is worth noting that models of the
expected chain stem length dependence of yield kinetics
from dislocation nucleation models are nonlinear—but
the results of this work unambiguously reject any stem
length dependence of the yield kinetics secondary to the
crystallinity dependence.

From a composite theory perspective, it is expected
that the yield strength and elastic moduli depend on crys-
tallinity, regardless of any effect of chain stem length.
Conversely, there is little case for plasticity to depend on
chain stem length only and not crystallinity, as any

crystal thickness dependence must clearly operate on a
crystalline component of the response, and therefore
depend on the degree of crystallinity. The strong correla-
tion of crystallinity and crystal thickness has previously
obscured this point. Nevertheless, there is a substantial
amount of literature reporting yield strength primarily
depending on chain stem length, and this deserves to be
revisited in light of the present work. Returning to the
work of Argon and coworkers,® a saturation in the yield
strength with reported lamellar thickness was reported
and attributed to the activation of dislocation loops. How-
ever, when their previously reported crystallinity values
for these data®’ are plotted instead against their reported
lamellar thickness measurements (as measured by DSC),
one sees that the saturation of the yield stress occurring
is due to the crystallinity nearing a maximum value and
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the lamellae approaching the equilibrium crystallization
condition where crystal thickness diverges according to
the Gibbs-Thompson equation (Figure 15). Their yield
strength data collapse to a linear function of crystallinity,
and thus there is no contradiction between their reported
data and the results of the present work.

This work utilized crystallinity and chain stem
lengths obtained from Raman spectroscopy, similar to
previous works,>™ and these results were compared to
values obtained from SAXS, WAXS, and DSC. The
Raman all-trans conformer mass fraction produced accu-
rate predictions of overall density when compared to
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FIGURE 11 Activation volume for Process II in the Ree-
Eyring model for all materials is linear with crystallinity. The
activation volume for Process I was assumed constant from
Reference 6 and is shown in gray.
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density gradient column values (and therefore conven-
tional crystallinity measures—Figure 3), while the
orthorhombic conformer mass fraction underpredicted
density. The orthorhombic crystallinity obtained by
WAXS was slightly greater than the Raman orthorhom-
bic mass fraction, but still significantly less than the all-
trans conformer mass fraction. Further, the longitudinal
acoustic mode measure of chain stem length has been
shown to be an accurate measure of crystal thickness by
comparison to estimates from small-angle and wide-angle
X-ray scattering (Figures 2 and 3), also for example
Reference 24. This is an important note, as significant
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FIGURE 13
volume of Process II on chain stem length is negligible. Process I

The secondary dependence of the activation

activation volume is assumed constant (grayed).
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Combined rate constants for both Ree-Eyring processes are linear with crystallinity for all materials, shown at both
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FIGURE 15 (a) Crystallinity reported by Kazmierczak et al.*’”
show a saturation of crystallinity with increasing lamellar
thickness, commensurate with expectations for near-equilibrium
crystallization. Replotting the yield results onto a second axis for
these data by Argon et al."* show an identical trend. The overlap of
these trends reveals a linear dependence of yield stress on
crystallinity that went unreported in their work.

divergence arises between LAM stem length and crystal
thickness obtained from the Gibbs-Thompson relation-
ship from DSC for thicker crystals with melting tem-
peratures approaching the equilibrium limit.*® Many of
the previous studies on this subject depend on crystal
thickness obtained from the Gibbs-Thompson relation
for high crystallinity. For these reasons, only Raman
spectroscopy results were used for microstructural char-
acterization so that the analysis would consistent with
conventional measures of crystallinity (i.e., density),
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The secondary dependence of the combined rate constants on chain stem length is negligible. Data are shown for both
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FIGURE 16
acoustic mode versus the crystal thickness determined from the

Plot of the stem length from Raman longitudinal

SAXS 1D correlation function (l.). Parity is shown with a line,
indicating that the SAXS crystal thickness lags the stem length
marginally.

internally consistent, and independent of concerns aris-
ing with indirect measures of chain stem length from
SAXS/WAXS or DSC.

Ordered chain length (stem length) derived from low
wavenumber Raman spectroscopy of the LAM-1 mode
for the variously quenched HDPE samples were com-
pared against X-ray scattering results for the crystal
thickness, I, which can be seen in Figure 16. Average
stem length values from the Raman data were consistent
with crystal thickness values determined from SAXS
using the 1D correlation function, but begin to differ at
longer chain stem lengths determined from the Raman
LAM analysis, though the difference is marginal. Overall,
these data draw the interpretation that the chain stem is
oriented in the direction of the 1D correlation, that is,
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normal to the surface of the crystal, with minimal chain
tilt. The possible complication of an unknown chain tilt
was the motivation to avoid using SAXS to determine the
chain stem length, being the operative crystalline dimen-
sion for determining slip kinetics, but the comparison of
the correlation coefficient crystal thickness and stem
length seem to render this concern moot, at least for the
HDPE samples compared in the present work.

The dislocation-mediated plasticity literature clearly
indicates that crystal slip is expected to be chain stem
length dependent, owing to the nucleation of through-
thickness screw dislocations as the rate-limiting mecha-
nism.”'*"** The conclusion of this work, that the yield
kinetics in lamellar polyethylene are independent of
chain stem length, is entirely experimentally determined
without a clear mechanistic argument, and therefore
deserves some further theoretical consideration. First, it
should be noted that Young's model’ and those who
expanded on it focused only on the lowest energy slip sys-
tem, that is, screw dislocation-mediated chain slip, and
did not examine the kinetics of other systems. The poly-
ethylene crystal plasticity literature has considered at
least six systems simultaneously active, and has shown
both chain slip and transverse slip to be active at the first
yield point.'® Transverse slip is likely accommodated by
either chain stem edge dislocations (or loops) or trans-
verse screw dislocations, which would not be expected to
have a stem length dependence. All of these systems are
expected to have a considerably higher activation energy
than screw-mediated chain slip.'® Both Young and Argon
discussed the nucleation of dislocation half-loops as
thickness-independent, though the latter proposed this as
an explanation for the apparent saturation of yield
strength dependence at large crystal thickness. It may be
that nucleation of dislocation loops are the dominant
mechanism even for relatively thin crystals, so long as
the chain stem length exceeds 20 Burgers vectors."* In an
alternative approach, Brooks et al. conducted an analysis
of the expected temperature dependence of the yield
strength compared to a theory of kink pair nucleation."’
They reported that yield in polyethylene followed the
expected dependence on temperature (normalized by
shear modulus) only substantially below room tempera-
ture (—20 to —40 °C), and at higher temperatures they
concluded that yield is not nucleation dominated, but
rather is dislocation propagation limited. Indeed, in his
original work, Young anticipated the possibility that
dislocation-mediated slip in polyethylene is rate-limited
by the Peierls stress for driving dislocations through the
lattice, and estimated that the process could be primarily
limited by the Peierls stress for the low-energy chain slip
process he considered.” Following this interpretation for
the present work, it is consistent that slip activation in

polyethylene above room temperature is dominated by
the Peierls stress, which is expected in general to be chain
stem length independent.” This perspective on slip not
being limited by dislocation nucleation at elevated tem-
peratures is compatible with the observation of wide-
spread thermal activation of chain stem motions in the
alpha process under those conditions. Alpha process acti-
vation may not be distinguishable from the nucleation of
screw dislocation line segments for the chain slip process,
as both involve the spontaneous nucleation of twisting or
corkscrewing motions of the chain stem in the lattice
along the stem axis.”’>' More work needs to be con-
ducted along the lines of the present work to investigate
whether slip kinetics in polyethylene are also chain stem
length-independent below —20 °C, or whether disloca-
tion nucleation dominates in that regime, with a concom-
itant emergent stem length dependence only active under
those conditions.

The foregoing literature discussed here mainly con-
cerned the yielding behavior of polyethylene, which is
to say the apparent onset of plastic deformation. Poly-
ethylene is often observed to have two distinct yield
points; the literature generally holds that the first yield
process is determined by a dislocation-mediated fine
slip process, while the second yield involves coarse
non-crystallographic slip and the fragmentation of crys-
tals into mosaic blocks.’*>* The present work concerns
only measurements at the first yield point—in this
paper we do not invalidate the notion of fine crystallo-
graphic slip during first yield, but rather call into ques-
tion whether the kinetics of first yield depend on the
kinetics of screw dislocation nucleation, as described
by Young and others. Notably, the critical strains corre-
sponding to characteristic points of the stress—strain
curve were observed to be independent of crystallite
thickness for s-PP.** While there has been work inves-
tigating microstructural mechanisms underlying plastic
deformation at strains beyond the first yield, an investi-
gation of the simultaneous crystallinity and chain stem
length dependence of such large plastic strains remains
a subject for future work.

The Ree-Eyring activation volumes and combined
rate constants showed stem length independence. How-
ever, it could be that either the rate constants or activa-
tion energies, when fit individually, are stem length
dependent. The temperature range tested in this work
was insufficiently broad to allow a satisfactory fit to these
parameters individually, and hence, only combined rate
constants are reported. However, it seems unlikely that
the activation energy and rate constant parameters could
be stem length dependent in an exactly reciprocal man-
ner such that the combined rate constant shows the stem
length independence that was observed. Thus, we are
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confident that the results of this work satisfactorily
demonstrate that the activated rate yield kinetics of poly-
ethylene at elevated temperature are independent of
chain stem length.

The results of this work are good news for micro-
mechanical modeling of polyethylene in the regime of
yield kinetics explored in this work, as a crystal plas-
ticity model calibrated to a given microstructure can
be expected to apply to a different microstructure
without having to recalibrate the slip kinetics for crys-
tal thickness or chain stem tilt. However, it remains
to be established whether first yield slip kinetics in
other semicrystalline polymers are chain stem length
independent.

5 | CONCLUSIONS

This work employed a model set of polyethylene lamel-
lar microstructures with a range of decorrelated chain
stem lengths and crystallinity, which allowed these
parameters to be analyzed independently. It was shown
that the yield strength (first yield point) over a wide
range of strain-rates is linearly dependent on crystallin-
ity and that there is no secondary dependence on the
crystal chain stem length. Further, the activation vol-
ume and combined rate constant likewise showed lin-
ear dependence on crystallinity and no dependence on
chain stem length. The crystallinity dependence is not
surprising from the perspective of composite theory,
though the lack of a secondary stem length depen-
dence was not expected. This observation of stem
length independence differs with much of the polyeth-
ylene plasticity modeling literature, which is based on
the rate-limiting step being the nucleation of screw dis-
locations in the crystal with a chain stem-dependent
activation energy. The results of this work cast doubt
on screw dislocation nucleation being the dominant
mechanism for yield kinetics, at least under the ele-
vated temperature conditions tested in the present
work. Notably, yield strength measurements presented
in support of the dislocation nucleation model also
were shown to nevertheless demonstrate a linear
dependence on crystallinity without need to appeal to
chain stem length. Alternative explanations of this
chain stem length-independent plasticity include the
nucleation of dislocation half loops or a Peierls stress
that is greater than the dislocation nucleation stress.
Further deformation experiments should be conducted
to evaluate whether yield at low temperatures is also
stem length independent, or rather varies with stem
length and so may be dislocation nucleation dominated
under those conditions.
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