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ABSTRACT

Polymers exist in forms ranging from viscous liquids during
melt processing to rigid solids for end use products, making
characterization a potentially time consuming and inefficient
process. Full characterization of a polymer includes extensional
viscosity, polymer melt rheology, and DMA in order to determine
processing conditions, quality, and end-product performance.
Typically, these tests are performed on multiple instruments. In
this work, commercially available low-density polyethylene is
used to explore these characterization techniques and perform
a suite of measurements across polymer states using a single
platform, the TA Instruments™ Discovery™ HR. Interchangeable
accessories enable rate-dependent extensional viscosity,
mechanical properties, melt viscosity, and melt viscoelasticity
to be quantified. The melt analysis is aided by the auto-trim
accessory to improve efficiency of the shear rheology testing.
The results aided in identifying processing conditions that would
induce strain hardening, when shear thinning occurs in melt flow,
and the stiffness of the material across various temperatures.
Coupled with TRIOS software, the HR platform enables a time and
cost-efficient workflow for physical analysis of polymers ranging
from molten to solidified states.

INTRODUCTION

Robust physical characterization methods are essential to polymer
design and manufacturing. The optimum processing conditions
to yield quality product in a cost and time effective manner will
be determined by the polymer’s melt flow behavior. Rheological
testing of polymer melts, for example, provides important
flowability and viscoelasticity information used for determining
processing conditions [1]. Many processing techniques such as
fiber spinning, blow molding, and film blowing involve extensional
deformation of the polymer. These processes can lead to uniaxial
stretching that induces polymer chain alignment, resulting in
anisotropic properties. Rate-dependency testing via extensional
viscosity can offer insight into how the polymer will perform during
processing [2]. Once the polymer has been processed, property
characterization is a key step for quality control and understanding
material performance. Post-processing properties such as the
material’s moduli and various transition temperatures relating
to molecular relaxation times can be measured using dynamic
mechanical analysis (DMA) testing [3].

Separate instruments are often required for rheology and DMA
testing. Multiple instruments lead to a more costly and inefficient
workflow. The TA Instruments Discovery HR allows one instrument
to serve as a multi-property testing platform by utilizing a variety
of interchangeable accessories. This note explores these
measurement techniques utilizing the TA Discovery HR polymer
testing suite to characterize a commercially available low-density
polyethylene (LDPE) sample. The polymer testing suite includes
the Extensional Viscosity Accessory (EVA), DMA mode, and
parallel plate polymer melt testing, shown in Figure 1a, 1b, and
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1c, respectively. The shear-rheological testing of the polymer melt
was performed using the auto-trim accessory, which allows for
more time-efficient loading and sample trimming. The accessory
also improves repeatability and increases accuracy [4], ultimately
rendering it superior to commonly used melt rings.

EXPERIMENTAL

LDPE samples were purchased commercially from United States
Plastic Corp®. The samples were obtained as sheets with two
different thicknesses of 0.85 mm and 1.61 mm. The former was
utilized for extensional viscosity testing and the latter was utilized
for DMA and shear rheology testing. For this work, the HR-30 was
used.

Shear-testing was performed utilizing the auto-trim accessory at
the melt processing temperature of 180 °C for LDPE. The 1.61
mm LDPE sheet was cut into pieces to fill the auto-trim accessory.
The accessory automatically trimmed the sample once the axial
force read below 0.1 N, indicating sample relaxation and complete
filling of the gap. The maximum sample volume for the auto-trim
accessory is 2.9 mL. The reported polymer density of 0.92 g/
mL was used to calculate the mass of LDPE necessary to fill a
sufficient volume in the accessory. Stainless steel parallel plates
with a diameter of 25 mm and a test gap of 1 mm were used for
flow and oscillatory testing.

Extensional viscosity testing was performed with the EVA on the
HR rheometer with extension rates of 0.02, 0.1, and 0.5 s at a
temperature of 150 °C. The sample was tested in the machine
direction as the orientation of the polymer chains influences the
ultimate strength of the material. Consistent sample orientation is
important for repeatability and accuracy when testing samples in
any type of uniaxial stretching experiment. The orientation tested
should also match the intended orientation of processing. A
measure of the anisotropy in the sample can also be obtained by
testing the sample uniaxially with different sample orientations [5].

DMA mode was utilized for temperature ramp experiments with a
single cantilever accessory. The temperature ramp was run from
-150-100 °C at a 5 °C/min heating rate with a 20 ym displacement
at a 1 Hz frequency. The 1.61 mm LDPE sample was cut in the
same manner as the sample used in EVA testing, with the machined
direction along the length of the sample. The Environmental Test
Chamber (ETC) was utilized as the temperature control system for
all experiments.
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Figure 1. (a) Extensional Viscosity Accessory, (b) Cantilever clamp for DMA
mode, and (c) auto-trim accessory for 25 mm parallel plate polymer melt
analysis.

RESULTS AND DISCUSSION

Shear Rheology

Polymers must be in a molten state where sufficient flowability
can be achieved for processes such as extrusion and injection
molding. A frequently used method for testing the physical
properties of polymer melts is parallel plate shear rheology.
From this experimental set-up, several tests can be performed.
These include flow tests to determine the polymer melt viscosity
and oscillatory testing to examine the viscoelastic behavior
of the melt. These methods are highly sensitive, allowing the
evaluation of impacts from changing the polymer formulation or
processing. When coupled with the auto-trim accessory, these
tests can be executed without exposing the heated sample to
ambient conditions. This avoids any uncontrolled and non-uniform
crystallization that may contribute adversely to the results.

Flow testing was used to explore the melt viscosity of LDPE at
180 °C, a common temperature for melt processing [6]. Figure 2
shows the viscosity over a shear rate range of 102 - 102 s, The
results are typical of polymer melt behavior, with a plateau-like
low shear rate region, followed by shear-thinning in the high shear
rate region. Quantification of the flow behavior was performed by
fitting a Carreau-Yasuda model to the data. The results of the fit
are shown in Figure 2 and the R? approaching unity identifies a
good fit of the experimental data to the model. There is a slight
deviation from the model in the low shear region due to the
sampling time of the flow sweep data points being insufficient to
reach an equilibrium steady state in this region [7].
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Figure 2. Flow sweep of LDPE melt at 180 °C. Black curve identifies the
Carreau-Yasuda model fit line and the inset reports the fitting results.

The importance of flow testing stems from its ability to identify
proper shear rate ranges that are necessary to achieve or avoid
during polymer processing. Flow instabilities may occur once a
critical shear rate is exceeded, causing disruptions to processing
[8]. Polymer melts are also viscoelastic materials, giving them
a pronounced time/frequency dependence. It is important to
understand the polymer’s response to processes that range from
long-time/low-frequency creep to short-time/high-frequency
impact response. Die swell in extrusion, for example, is a low-rate
process and the resulting swell is proportional to the elasticity of
the polymer [9]. During extrusion, the polymer is under a high shear
flow and internal strains may build up. Once the extrudate leaves
the channel, the material is enabled to recover, and the resulting
swelling may produce dimensional variation. From a rheological
standpoint, the storage modulus obtained from a frequency sweep
provides a measure of this elasticity and can be used to guide
extrusion rates in processing to control die swell. The ability to
assess the polymer response to these various processes and their
associated time scales is key in determining proper processing
and the ultimate material performance.
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Figure 3. Frequency sweep of LDPE at 180 °C. Quantification of the
crossover modulus and angular frequency is shown in the graph.
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Figure 3 shows the frequency sweep for the LDPE sample at 180
°C. At high frequencies, the storage modulus (G’) is greater than
the loss modulus (G”). This indicates the melt behaves more like an
elastic solid at these high frequencies. As the frequency decreases
there is a modulus crossover point at which G” surpasses G’,
indicating that a more fluid behavior is becoming dominant. The
crossover modulus and angular frequency are shown in Figure 3.
Physically this translates to processes that occur on short time-
scales, above the cross-over point, will induce a predominately
elastic response from the material. Processes occurring on longer
timescales, below the cross-over point, will induce a viscous
dominated materials response.

Extensional Viscosity

Extensional viscosity measurements are important for designing
processing conditions and modeling material behavior. Processes
often involve mixed flows, with competing shear and extensional
contributions. A comprehensive model that accounts for all
contributing flow functions enables better prediction of the
process. The measurements can also be used to validate
equations developed from shear properties. Figure 4 shows the
EVA data as a function of rate at 150 °C. This temperature was
chosen as it is commonly used for LDPE processing that requires
extensional flow, such as fiber spinning [10]. As the extension
rate increased, the time to failure decreased and strain hardening
was observed. Identifying the degree of strain hardening and the
rates which cause it are important for determining processing
parameters. If strain hardening occurs during extensional flow,
the product’s mechanical properties will be impacted due to the
resulting chain alignment in the flow direction. This chain alignment
causes anisotropic properties, and the material is stronger in the
flow direction.

Strain hardening is defined as the increase in extensional viscosity
above the linear time-dependent extensional viscosity (n? (7)) [11].
A Strain hardening coefficient (SH) can be expressed as:

SH =n_(#)/m° (2) (M

where n_ (t) can be defined here as the peak extensional viscosity
after deviation from the linear region. For the extensional rates
of 0.1 and 0.5 s the SH can be calculated to be 4.3 and 9.7,
respectively. The value for n?(t) was taken as the extensional
viscosity value where the linear increase in the respective curve
ended and strain hardening began.
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Figure 4. EVA data for LDPE with rates of 0.02, 0.1, and 0.5 s .

When compared to shear flow testing, extensional viscosity is
more sensitive to molecular structure. It has been shown that the
extensional behavior exhibited by some polyolefins is dependent
on the degree of branching [7]. Strain-hardening is known to occur
with a high degree of branching and the branching in LDPE resultsin
the rate-dependent strain-hardening seen in Figure 2. Researchers
have shown that linear low-density polyethylene (LLDPE), with less
branching, experiences less strain hardening [6]. The sensitivity
of extensional viscosity measurements enables researchers to
investigate the impact of branching on rate-dependent strain
hardening. This sensitivity, as well as the common presence of
mixed flows in processing, make EVA testing a powerful tool in
understanding proper conditions for polymer processing, where
many techniques involve extensional flow.

Dynamic Mechanical Analysis

DMA is a useful technique for measuring the mechanical properties
of viscoelastic materials such as polymers. The ability to vary the
temperature and frequency of the measurement enables the user
to gain insights into the modulus of the polymer and determine
transitions related to molecular motion. The HR-20 and HR-30
can be used in linear DMA mode with controlled axial force ranging
from 3 mN to 50 N to test pre-formed, solid samples. Utilizing
this mode with the ETC enables a wide temperature range to be
tested, from -160-600 °C. This wide temperature range allows
for a number of material transitions to be observed, such as the
y and B relaxation modes which refer to the glass transition and a
secondary transition for LDPE, respectively. Both relaxations are
related to molecular chain motion in the amorphous phase [12].
These relaxation modes occur on short length and time scales
but do influence the mechanical properties of the polymer [6].
The sensitivity of the axial force control allows the determination
of these sub-ambient transitions. Figure 5 shows the DMA
temperature ramp of the LDPE.
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Figure 5. Temperature ramp DMA data for LDPE.

The temperature ramp shows two sub-ambient transitions of
LDPE. The transitions are determined from inflection points in the
storage modulus (E’) curve along with corresponding peaks in the
loss modulus (E”) and Tan delta (8) curves. The resulting transitions
correspond to the y and 3 relaxation modes of LDPE [13]. These
molecular relaxation modes are inherent to LDPE and the drop
in E’ identifies their importance on the mechanical properties
of LDPE in the glassy and rubbery state. A high temperature
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transition, referred to as the a-relaxation point, is also observed.
The temperature of this transition approaches the nominal melting
point of LDPE and is generally associated with chain motion in the
crystalline phase.

DMA provides useful information on the mechanical properties
of the polymer in relation to how it was synthesized. LDPE is a
branched polymer and the degree of branching, as well as the
branch molecular weight, will significantly influence the transition
regions shown in Figure 5. Alterations in molecular architecture
will manifest as peak intensity changes in the loss modulus and
Tan delta signals. Temperature shifts of the peak maxima will
also be observed in these signals. Mechanical property changes
associated with the molecular architecture variation will be
observable in the storage modulus signal [14]. This information
provides guidance to the polymer scientist for proper materials
choice of degree of branching needed for their specific application.

CONCLUSIONS

Polymers range from flowable liquids to rigid solids, making their
physical characterization a challenge. Due to the wide range of
properties these macromolecules exhibit, there is a necessity for
diverse testing capabilities to thoroughly capture the materials
complexity. In this note, it was shown how the TA Discovery
HR rheometer can serve as a multi-property analysis tool with
its polymer testing suite. This includes extensional viscosity
testing, DMA analysis, and polymer melt testing using the auto-
trim accessory. This enabled various physical properties such as
the rate dependent extensional viscosity, sub-ambient transition
temperatures along with their influence on materials moduli,
polymer melt viscosity, and polymer melt viscoelasticity to be
determined. Along with these measurement capabilities, the TA
TRIOS software platform contains numerous data analysis tools
that enable a complete property profile of the material. Having
one instrument and software platform that possesses the ability
to perform these analyses is advantageous from a cost and
efficiency standpoint. This testing can be incorporated into the
entire life cycle of the polymer to ensure optimal processing and
performance of the material.
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