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Advancing Polymers For a Better Future, Today
Products made from polymers are all around us – from safe and hygienic food and personal care packaging to clothing made of synthetic fibers that protect us from harmful UV rays,
polymers are a critical part of our daily lives. The versatility of plastics makes them a lightweight, cost-effective option for replacing traditional materials like wood, metal, ceramics, and glass
across applications in the building and construction, automotive, and household segments. The success of plastics is partly driven by their durability; yet, it has also led to an accumulation
of plastic waste in the environment due to improper end-of-life waste handling.
The high environmental cost of plastics waste is placing significant pressure on scientists and engineers in the polymers industry to innovate and develop more sustainable materials that
account for end-of-life waste management while still maintaining product performance. TA Instruments’ robust polymer analysis solutions are designed to support your laboratory’s drive
for innovation, so you can focus on building sustainable solutions for a better future, today.

Sustainability in Polymers Requires Innovation
Demand from consumers, brand owners, and public policy are driving a need for sustainability in plastics, affecting companies at every stage of plastics production – from resin
manufacturers, to compounders, masterbatchers, and converters. In response, the plastics industry is tackling the problem of plastics waste through a wide range of sustainable solutions
including the use of post-consumer recycled (PCR) and post-industrial recycled (PIR) resins, bio-sourced/ bio-degradable polymers, and the development of new and innovative polymers
that are designed with end-of-life recycling considerations. Of these options, there is a strong focus on the use of recycled resins due to bold brand owner commitments around sustainable
packaging, and regulatory landscape mandating minimum quantities of post-consumer content in new products.
For the plastics industry, the processing of PCR resins introduces a new set of challenges due to the inherent variability and contamination in the waste plastic feedstock, especially when
compared to well-characterized batches of virgin resins. Further, recycled resins must be incorporated without compromising the product performance that customers and consumers
expect. In an increasingly dynamic market space, the growing demand for high-performance, sustainable materials and intense competition create a heightened sense of urgency for
polymer companies to innovate while responding to and staying ahead of these broader market trends.
Polymer analysis solutions from Waters | TA Instruments enable R&D scientists and process engineers to characterize complex recycled resin feedstocks more effectively and explore their
impact on their products and processes while improving the operational efficiency of their analytical laboratories. Accelerate product innovation, implement process improvements, and
position your lab for success in meeting your organization’s sustainability goals with an in-depth understanding of polymer processing and functional properties with Waters | TA’s broad
portfolio of thermal analyzers, rheometers, and mechanical testers.
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ANALYTICAL SOLUTIONS ACROSS THE ENTIRE VALUE CHAIN FROM MONOMER TO END-OF-LIFE RECYLING
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From raw material suppliers to brand owners and end market users, there is a concerted shift towards tackling plastics waste and making plastics more sustainable. Whether you are
incorporating recycled resins in existing processes or designing new polymers with end-of-life recycling in mind, answer key questions and unlock insights into your material properties with
a comprehensive suite of analysis tools.

Polymer Manufacturers

• Did we make resins with the right
specs? (Thermal properties,
Viscosity, MW/MWD, Modulus)
• What is the end-use product
performance with this resin?
• Is it easily recyclable at the
end-of-life?

Compounders/ Masterbatchers

• Did we buy resins with the right
properties?
• How are our additives improving
the resin’s properties?
• Does our masterbatch process
correctly?
• How much compatibilizer is
needed to process this batch
of recycled resin?

Converters

• How can the processing
parameters be optimized?
• What is the product performance?
• Why did the product fail?
• How can the product’s recycled
content be increased without
compromising performance?

End-of-life Recycling – Post-Consumer Recycled (PCR)/ Post-Industrial Recycled (PIR)

• How much variation is there in the recycled resin properties: Within a batch/ Between batches?
• What polymers and contaminants are present in the recycled feedstock?
• How does contamination affect processing conditions and product performance?
• What additives are required to achieve performance comparable to virgin resins?
• How can the catalyst and process conditions be optimized to increase yield in chemical recycling?

Technique

Polymer characterization helps research scientists,
process engineers, and QA/QC analysts gain
insights into their material and answer important
questions at every step of the value chain:
develop new and innovative products, improve
process conditions, predict product lifetime, and
understand the root causes of product failure.

Differential Scanning Calorimetry (DSC)

• What is the product
performance?
• How do the end-use environ
mental conditions (tempera
ture/ humidity) affect product
performance?
• What is the product lifetime?
• How many times can the
product withstand repeated
loading before failure?
• Why did the product fail?
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AN OVERVIEW OF OUR POLYMER CHARACTERIZATION TECHNOLOGY
Measure process-relevant fundamental polymer properties such as melting point, crystallinity, and viscoelasticity with ease through thermal
analysis, rheology, and mechanical testing. At every stage of product development and manufacturing, accurate measurements enable you to
optimize processing and improve product performance under end-use conditions.

Thermogravimetric Analysis (TGA):
Programmatically heats a sample material while measuring the material’s mass change
with a highly sensitive analytical balance. As a material is heated, cooled, or held constant,
the mass of the sample may change. Loss of mass indicates possible decomposition or
vaporization, while a gain in mass indicates possible oxidation, sorption, or that the material
is reacting with its gaseous surroundings.
For polymers, TGA is often used to evaluate thermal and oxidative stability of materials,
understand decomposition kinetics, and predict the product lifetime at different use
temperatures. It also provides quantitative information around the composition of the resin,
such as the content of the base polymer, plasticizer, and glass-reinforced or mineral fillers.

Thermogravimetric Analysis and Evolved
Gas Analysis (TGA-EGA):
The connection, or hyphenation, of spectrometers to TGA units is common. They allow for
the chemical analysis of gases that evolve from samples during TGA experiments. The
most popular hyphenated spectrometers are mass spectrometers (MS), Fourier-transform
infrared spectrometers (FTIR), and gas chromatograph-mass spectrometers (GC-MS).
In polymer research, combining TGA with spectrometers allows scientists to gain
insights into the thermal decomposition process by providing additional information
about the chemical composition and structure of the evolved gases. The addition of
a chromatographic technique like GC enables the further separation of a mixture of
molecules that often evolve at the same time during decompositions, allowing them to
be identified uniquely.
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AN OVERVIEW OF OUR POLYMER CHARACTERIZATION TECHNOLOGY

Differential Scanning Calorimetry (DSC):
DSC measures the heat absorbed or released when a sample material is heated, cooled,
or held isothermally constant. The heat flow is determined by comparing the heat flow
difference between a sample material and a reference.
DSC is a fundamental polymer analysis technique that offers a wealth of information about
the polymer’s thermal characteristics–including the heat capacity and melting point,
and the temperatures associated with phase transitions such as crystallization and glass
transition. It is extensively used across all stages of the polymer lifecycle, whether it is new
product development in R&D, process optimization during processing, or failure analysis
of the final products.

Simultaneous DSC-TGA (SDT):
Combines the techniques of DSC-TGA together so that researchers can simultaneously
measure heat flow and weight change data with a single instrument. This combination
allows polymer scientists and engineers to understand a resin’s phase transitions, such
as melting points, crystallization and glass transitions, and material thermal stability.
Simultaneous instruments can also be hyphenated with off-gas spectrometers.

8

9

AN OVERVIEW OF OUR POLYMER CHARACTERIZATION TECHNOLOGY

Rheometer:
Rheology is the study of the flow and deformation of materials. A rheometer is a precision
instrument that applies deformations in a pre-programmed manner and measures the
material’s resistance in terms of its viscosity and modulus.
Viscosity and viscoelasticity of polymer melts play an important role in thermoplastic
processing. These parameters are strongly influenced by the resin’s Molecular Weight and
Molecular Weight Distribution and are relevant for extrusion and injection molding. For
blow molding operations, the processability is determined by the polymer’s architecture
and degree of long chain branching. Polymer melt testing on rheometers measures these
process-relevant properties through rotational, oscillatory, and extensional testing.

Dynamic Mechanical Analyzer (DMA):
A Dynamic Mechanical Analyzer (DMA) measures the mechanical properties of solids
as a function of temperature, time, and/or humidity. These measurements are routinely
used to characterize thermal events such as the glass transition, crystallization, and aging,
especially in polymeric materials. As a mechanical technique, DMAs are 1000x more
sensitive than DSCs for picking up transitions associated with amorphous materials.
Within the polymer industry, DMAs are used to understand final product performance,
evaluate the effect of additives and polymer blends on impact strength, and to develop
new materials with the right balance of strength, flexibility, and durability for the intended
application’s environmental conditions.
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AN OVERVIEW OF OUR POLYMER CHARACTERIZATION TECHNOLOGY

Thermomechanical Analyzer (TMA):
A TMA measures expansion or contraction of a material under temperature ramping
or isothermal conditions using a variety of sample probes. It is associated with
the measurement of softening points, glass transitions, and coefficient of thermal
expansion (CTE).
For polymeric films, the TMA is a sensitive instrument for measuring shrinkage force and
studying their creep/recovery behavior. TMAs are also particularly useful in measuring
the CTE of parts where plastics are combined with other materials as part of final
product assembly.

Mechanical Testing
Mechanical test instruments evaluate the strength and stiffness of materials and final
assemblies under various deformation conditions. Common tests include stress-strain
curves to obtain information on material strength and point of failure under unidirectional
deformation, and fatigue testing to understand performance and predict lifetimes under
conditions of repeated loading.
When designing new polymers, a thorough assessment of material strength provides
valuable information about the performance under the intended end-use conditions.
Next, fatigue testing of final assemblies during product evaluation delivers confidence
in the overall safety of the product under repeated loading. High frequency testing
accelerates this evaluation by significantly reducing the time needed to enter the high
cycle fatigue region and reach the endurance limit.
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WHAT IS THE PROCESSING TEMPERATURE FOR THIS RESIN?
PET/ABS Blend - Conventional DSC
-0.20

2
0
-2
-4
-6
-8
-10

Exo Up

Heat Flow (Normalized) (W/g)

• Feedstock evaluation: Is this a neat polymer, or is it a blend? Can vendor A’s resin be
replaced with lower cost resin from vendor B?
• Processing: How much thermal energy is needed to completely melt the resin pellets?
• After processing: Is there a thermal history after processing vs. as-received? (1st vs.
2nd heat)
• End-of-life recycling: Does this batch of PCR (post-consumer resin) have significant
contamination from other polymers?
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Answer the following questions with results from
your DSC:
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The MDSC results for the “as received” material shown helps to resolve these interpretation
issues. The nonreversing curve in this case shows the exotherm associated with the PET
cold crystallization, as well as a weak endotherm about 70°C associated with relaxation
phenomena. The reversing curve shows two clear glass transitions – one at 72.3°C for PET,
and a second one at 107.2°C associated with the ABS. In conventional DSC, this latter
glass transition is masked by the PET cold crystallization peak and thus only becomes
visible on reheating. The results demonstrate the importance of MDSC for investigating
complex transitions.
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Explanation of these changes on reheating, particularly the apparent shift in the glass
transition temperature, is difficult based on only these results. Conventional DSC is
best suited for blends where the transitions of the individual polymer components are
sufficiently separated (e.g., glass transition, melting endotherms, crystallizations). However,
blends that show more complicated behavior are difficult to accurately evaluate by
conventional DSC. Modulated DSC (MDSC) provides greater insights into phase transitions
by splitting the total heat flow signal into its reversing and nonreversing components. This
allows a separation of overlapping thermal events with different behavior. For instance,
glass transitions are reversing under MDSC, while cold crystallization is non-reversing.
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DSC Thermogram Highlighting Endothermic Events
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In a DSC test, the heat flow of the sample is monitored as the temperature is increased at a constant rate. Thermal transitions such as melting and glass transition show up as endothermic
events, where the material absorbs heat as it moves into the higher energy state. The results also reveal information about the polymer morphology, with clear differences between
amorphous and semi-crystalline states. During a DSC test’s first heat cycle, amorphous materials display a broad glass transition without melting, while semi-crystalline polymers have a
sharp and well-defined melting peak. Since the melting and glass transition temperatures are unique to each polymer, this information can be used to quickly evaluate the quality of the
incoming feedstock prior to processing.

Polymer blends are commonly used to develop new materials for specialized applications
like impact-resistant parts and packaging films. The ultimate properties of blends are
dictated by the constituent polymers and can be significantly affected by small changes
in the blend composition. A supplier of PET/ABS blends was looking for a rapid, effective
test to characterize the product prior to shipment and initially considered conventional
DSC analysis alone. DSC results from the first heat are shown to the right – three obvious
transitions corresponding to PET’s glass transition (70.2°C), cold crystallization (121°C), and
crystalline melting (235°C) are readily identifiable. However, no apparent ABS transitions
are observed. After cooling at a controlled rate (10°C/minute), the conventional DSC
results on the second heat are different. Now only two major transitions are observed - a
glass transition at 111.8°C and a crystalline melt at 249.7°C.
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Understanding the temperatures at which polymers soften and melt is a fundamental material property relevant to polymer processing. As one of the first steps in extrusion, injection molding,
and film blow molding processes, resin pellets are routinely heated past the melting point; in processes like thermoforming and blow molding, the resin is heated above its glass transition
temperature to soften it, but without completely melting it. This transformation from a solid resin pellet (lower energy state) to a softened or completely melted pellet (higher energy state)
requires the input of energy and can be measured using Differential Scanning Calorimetry (DSC).

Case Study: Analysis of Complex Transitions using
Modulated DSC (MDSC)
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HOW DOES THIS RESIN DECOMPOSE?
TGA Weight Loss Profile of Nylon 6,6
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The overlay plot of the TGA-MS data reveals the chemical identities of the decomposition
products. For Nylon 6,6, the degradation mechanism generates smaller polymer
molecules of bicarbonyl polymethylene fragments [1], which subsequently break down
into H2O (18 AMU), NH3 (17 AMU), and CO2 (44 AMU). Additional masses such as 27,
41, and 55 indicate the presence of other decomposition products, which may include
polymethylene fragments or 1,5-hexadiene. Notably, the MS profile of the water is in
excellent agreement with subtle weight loss seen in the initial volatilization step. The
results demonstrate the value of hyphenated TGA analysis for gaining insights into the
temperature range over which specific off-gas products evolve.
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[1] Braun, E., Levin, B. C. Nylons: A Review of the Literature on Products of Combustion and Toxicity. Fire
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Hyphenated techniques such as thermogravimetric analysis with mass spectrometry
(TGA-MS), Fourier transform infrared spectrometry (TGA-FTIR), and gas chromatographymass spectrometry (TGA-GC/MS) allow for a simultaneous study of the thermal
decomposition process and the chemistry of the evolved gases, providing valuable
information about the thermal degradation process. The plots to the right highlight the
application of TGA-MS technique to study the decomposition of Nylon 6,6. The TGA weight
change data, collected at a heating rate of 10°C/min, displays 2 step changes – an initial
volatilization weight loss of ~ 2.2% at lower temperatures, followed by major decomposition
at higher temperatures. The derivative of the weight change curve shows a peak at
427.7°C, where the maximum rate of decomposition occurs.
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• Feedstock evaluation: At what temperature does this resin decompose? What is the
decomposition profile?
• Processing: Are there volatile materials in this batch of resin? Will there be off-gassing
after processing?
• Failure Analysis: Is there a difference in the filler content or the decomposition profiles
of the good vs. bad parts?
• End-of-life recycling: During pyrolysis, at what temperature does the maximum weight
loss occur? What contaminants are presents in this batch of recycled resin?
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Gain Insights into Polymer Decomposition
with TGA-MS

Weight (%)

During thermal analysis of polymers, TGA tests are routinely performed before DSC testing since the TGA results help establish the upper temperature limits for subsequent testing. Apart
from identifying the degradation window for processing, TGA results also quantitatively reveal the composition of the major ingredients in the resin, such as the amount of base polymer,
plasticizer, and filler present. The off-gas generated during a TGA experiment can be further analyzed to gain insights into the chemical identity of the decomposition products. This type of
Evolved Gas Analysis (EGA) is especially powerful since it combines real-time TGA data with results from FTIR and GC-MS.
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Weight Loss: 2.0359mg
Weight Percent Loss: 97.0901%

Deriv. Weight d(Weight) / d(T) (%/˚C)

Common thermoplastic processing techniques, like extrusion, injection molding, and blow molding, require the resin to be heated above the melting point for easy processing. However, it
is important to carefully control the processing temperatures to avoid resin degradation that can occur at elevated temperatures. For polymers, the onset of degradation can be identified
as the temperature at which significant weight loss (typically >5%) starts to take place and can be measured using a Thermogravimetric Analyzer (TGA).

Weight Loss: 0.0468 mg
Weight Percent Loss: 2.2349%
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HOW STABLE IS THIS RESIN DURING PROCESSING AND END-USE?
Case Study: Quantify Polymer Stability through
OIT Analysis

The performance of stabilizers can be evaluated through Oxidative Induction Time (OIT) analysis on the DSC. In this isothermal test, the purge gas in the DSC is switched from nitrogen to
oxygen, providing an environment where the stabilizer is consumed. At the onset of polymer degradation, the heat flow signal starts to increase and the time is noted as OIT.
Temperature ramps on the DSC can also be used to measure the Oxidative Onset Time (OOT), a related measure of polymer stability. Both OIT and OOT tests can also be performed using
a high-pressure DSC, which reduces test time by accelerating stabilizer consumption.

Oxidative Induction Time (OIT) Analysis using DSC

A supplier of Polyethylene containers used for beverage applications found that certain
batches of caps sometimes lost their color after only a relatively short shelf life, indicating
that the caps were probably deteriorating; visual inspection of the caps did not detect
any changes to the mechanical integrity. The supplier suspected insufficient amounts
of antioxidant and UV stabilizer added during formulation were responsible for the
degradation, which led them to look for a rapid QC test that would ensure sufficient
additives were present in the resins prior to final processing.
Dynamic DSC results comparing the good and bad batches of caps indicated a subtle
shift in the onset of degradation to lower temperatures for the bad batch. Additional
isothermal tests at 185°C accelerated the degradation process and showed clear
differences in the stabilities of the good and bad batches, with the time to degradation
falling from 39 minutes to 6 minutes for the failed batches. With the quick results provided
by OIT testing, the supplier was able to establish new incoming QC tests to eliminate
discoloration problems in the beverage caps.

0.0

Heat Flow (W/g)

Stabilizers and other additives are often added to resins to prevent degradation from environmental effects encountered during processing and end-use conditions. These additives include
antioxidants, oxygen scavengers, heat and UV light stabilizers, or flame retardants, to ensure the polymer’s intended properties are maintained during processing and the product’s lifetime.
Stabilizers are inherently sacrificial and are gradually consumed when exposed to high temperature or UV light; once the stabilizer is completely exhausted, the polymer properties start to
degrade rapidly.
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Isothermal Oxidative Stability

Isothermal Oxidative Stability
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• Feedstock evaluation: Can this resin be processed as-is? Are antioxidants needed for
additional stability?
• Failure Analysis: Did this part contain antioxidant at sufficient levels suitable for the
end-use conditions?
• End-of-Life recycling: How much antioxidant is needed to stabilize and process this
batch of PCR?
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IS THE RESIN’S VISCOSITY SUITABLE FOR PROCESSING?

Polymers exhibit non-Newtonian, shear-thinning behavior – the viscosity will decrease as the rate of deformation, or the shear rate, is increased. Single point viscosity measurements such
as those provided by melt flow indexers provide little insight into the complex flow behavior encountered during processing conditions. Depending on the processing technique, the rate
of deformation can vary from low rates (e.g., compression molding) to very high shear rates (e.g., injection molding), and requires a comprehensive characterization of the melt viscosity
across a range of shear rates.
A resin’s viscosity profile is influenced by the polymer’s molecular weight, MW distribution, and degree of branching. The zero shear viscosity in the first Newtonian plateau directly correlates
with resin’s molecular weight. The onset of shear thinning region is affected by the MW distribution: Resins with broader MWD start to shear thin at lower shear rates and are easier to process
than a batch of narrow MWD resins.

How is viscoelasticity related to Molecular Weight/
Molecular Weight distribution?
Oscillatory tests on rotational rheometers provide valuable insights into the polymer
structure by probing its viscoelastic properties through small deformations over a range of
time scales. The results provide the polymer’s Storage Modulus (G’, elastic response), Loss
Modulus (G”,viscous damping) and complex viscosity (η*) as a function of the oscillation
frequency. These parameters are strongly influenced by the dynamics of polymer
relaxation, which depends on the resin’s molecular weight, molecular weight distribution,
and long chain branching structure. In a rheological test, these effects can be identified
through the point at which the storage and loss modulus curves crossover. Compared to
melt flow indexers or capillary rheology, the viscoelastic profile from oscillatory rheology
testing is particularly sensitive to the presence of high molecular weight contamination
that can cause processing issues.
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During processing, a polymer melt resin is subjected to deformations of varying rates. Successful production hinges on the flow behavior of the polymer at critical stages of the process.
Viscosity is a measurement of a material’s resistance to flow. Resins with higher viscosity flow more slowly. A high-viscosity resin may fail to flow uniformly into a mold, causing voids and
resulting in scrapped product.
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An extrusion manufacturer of high-density polyethylene (HDPE) pipes experienced
streaking on the surface of parts produced from certain resin lots; parts from other resin lots
did not have this problem. This resulted in scrapped parts, costing the manufacturer both
raw material and production time. Variations between the good and the bad lots were
not detectable through melt index values or standard Size Exclusion Chromatography
(SEC) analysis. Oscillatory rheology measurements revealed a higher Storage Modulus
(elasticity) in the bad batch, observable at low frequencies. This indicated a small
amount of high MW polymer in the resin, the root cause of the surface defects observed
in the scrapped parts. With this information, the manufacturer worked with their supplier
to source HDPE resins with a narrow MWD, eliminating the surface roughness problem.

T=220˚C

Modulus G’ [Pa]

• Processability: Does the resin have the right viscosity at all shear rates relevant to the
manufacturing process?
• End-of-life: How do the different-sized MW contamination in the recycled resin
impact processing? What is the impact of contamination in recycled resins?

Viscosity (Pa.s)

Answer the following questions with viscosity
measurements from your rotational rheometer:

Case Study: Troubleshooting processing problems
with viscoelastic measurements

Shear Thinning Region

First Newtonian Plateau
η0 = Zero Shear Viscosity
η0 = K • MW3.4

Effect of MWD Contamination on HDPE Processing
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DOES THIS RESIN POSSESS SUFFICIENT MELT STRENGTH FOR BLOW MOLDING?

Compared to shear viscosity, extensional viscosity measurements are extremely sensitive to the molecular structure. Polymers with a high degree of Long-Chain Branching (LCB) display
a strain-hardening effect during elongational deformation, especially at increasing speeds. This behavior indicates a higher melt strength during extensional processes, which helps to
stabilize a bubble and prevent collapsing, or avoid thin fibers breaking. Conversely, polymers with a linear morphology (no branching) often fail to process successfully.
This critical performance differentiation is not adequately detected by traditional flow measurements. Extensional viscosity measurements can be easily made on rotational rheometers
using the Extensional Viscosity Accessory (EVA).

Evaluate Melt Strength with Extensional Viscosity

How is strain hardening related to processing?
Hollow plastic parts, such as beverage bottles, are often produced through the blow
molding. In this process, compressed air deforms a heated preform/parison and can
be used with several materials including LDPE, HPDE, PP, PS, and PC. The strain hardening
response seen in extensional viscosity measurements stabilizes the preform, ensuring
that the wall thickness is uniform across the entire product. Taken together with other
rheological parameters such as the melt viscosity, strain hardening provides guidance
when selecting resins for blow molding.
A comparison of the shear and extensional viscosity profiles is shown for two representative
polyethylene resins in the figure to the right. The extensional viscosity of the HDPE resin
shows limited strain hardening, with some agreement between the extensional viscosity
and 3 times the shear viscosity across most of the test window. The response of the LDPE
resin is markedly different with pronounced strain hardening that is indicative of a higher
melt strength and suitability for use in processes involving extensional deformation.

Extensional Viscosity (Pa.s)

Manufacturing processes such as blow molding, film blowing, thermoforming, and fiber spinning involve the application of an extensional deformation to polymer melts; the deformation
process is comparable to a balloon or bubble gum being blown into a sphere. Successful products depend on the ability of the polymer melt to sustain large deformation without breaking
or collapsing and can be quantitatively described by the extensional viscosity.
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Extensional Testing is Sensitive to Molecular Structure

• Processability: What is the melt strength of this resin? How much stretching can the
bubble withstand before it breaks?
• End-of-life: Do the processing parameters need to change for this batch with recycled
resins? What additives are needed to process this batch of recycled resins into a film?
(e.g., chain extenders)

How does long chain branching affect processing?
Extensional viscosity is a sensitive discriminator for resins with different degrees of branching.
This is demonstrated in the plot to the right where two HDPE resins were evaluated through
extensional viscosity measurements. The difference between the two resins is just 2 side
chains per 10,000 C of the polymer backbone, yet significant differences are seen in the
strain hardening responses – HDPE Type 1’s increased stain hardening can be directly
attributed to the presence of the additional side chains. Conventional rheology tests such
as capillary or rotational measurements are insensitive to these molecular changes that
have a major impact on processability.

T=170˚C

Extensional Viscosity (Pa.s)

Answer the following questions with extensional
viscosity measurements:
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HOW DO PROCESS CONDITIONS AFFECT THE PRODUCT’S CRYSTALLINITY?

Crystallization is the process of converting an amorphous, higher-energy structure into an organized, lower-energy, solid crystalline structure – this transition releases energy and can be
accurately measured using Differential Scanning Calorimetry (DSC) as an exothermic peak. DSC tests are commonly performed in three distinct steps involving a heat-cool-heat cycle.
The first heat cycle evaluates the material as received and, if taken above the meltiing point, erases the initial thermal history of the material.
When cooling a polymer from the melt state, the known thermal history provides information about crystallization in the cooling cycle of a DSC curve. This includes the temperatures at
which crystallization starts and ends, and a quick overview of crystallization kinetics. Additional insights into crystallization kinetics can be obtained through more detailed isothermal tests.
The amount and speed of crystallization can be controlled through the deliberate addition of nucleating agents; however, crystallization rates can also be affected by dyes, colorants, or
contaminants in recycled resins that can serve as nucleating agents. Since crystallinity has a direct impact on product performance, careful measurement and control of crystallinity is
critical to avoid product failures in the end-use application.

Crystallization of Polypropylene
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• Processing: What cooling rates are needed to achieve the required crystallinity? Are
nucleating agents needed?
• End-of-life: How can the crystallinity of products made with PCR be matched with
those from virgin materials?

Heat Flow (W/g)

Answer the following questions with results from
your DSC:
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Plastics suppliers often face problems when their products appear to process inconsistently,
especially when the same base resin was used in good and bad batches of products.
In the case of semi-crystalline resins, the crystallization properties can be affected by
the use of pigments, dyes, and fillers. This addition of color concentrates or pigments
into the final products are typically done by compounders. Similarly, additives used in
the dispersal of pigments can also affect the performance of processing aids added to
polypropylene. In these cases, a simple DSC cooling experiment can detect potential
differences in processing behavior and is typically a part of a routine heat – cool – reheat
test. The usefulness of this approach is demonstrated in the plot to the right through results
from commercially available marker pen caps of different colors sourced from the same
brand. The cooling curves display a wide array of exotherms differing in their shapes,
symmetries, and crystallization temperatures, all of which have significant implications for
processing and product performance.
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Presence of Dyes Affects PP Crystallization Kinetics

Application Example: Investigate Processing
Inconsistencies Caused by Color Concentrates
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The plot to the right summarizes the 1st heat DSC results – all three samples were tested
simultaneously under identical thermal conditions using a multi-sample DSC, significantly
boosting productivity, and increasing test throughput. Sample A’s high amorphous
content manifests through a large cold crystallization peak and a large step change in
the baseline at the glass transition temperature. Sample B, cooled at a controlled rate of
20°C/min, shows a much smaller cold crystallization peak, indicating a large percentage
of the sample was able to crystalize at this rate. Finally, the As-Received sample shows very
little exothermic activity during the thermal ramp and a small Tg step change, indicating
a highly crystalline morphology.

PET Morphology is Sensitive to Process Conditions
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Polyethylene terephthalate (PET) is a semi-crystalline thermoplastic polymer that finds use
in varied applications from packaging to clothing.To serve these diverse industries, the PET
material properties must be appropriate for those end uses. One of the key factors which
affects the properties of PET is percent crystallinity, which can be controlled by thermal
processing conditions. Three PET samples were taken from the same source (PET water
bottle) – Sample C was tested as-received, while Samples A and B were first melted and
cooled back to room temperature at different rates. The quench cooling process results
in a cooling rate much greater than the crystallization rate of PET, which results in the
polymer existing predominantly in its amorphous state.

Heat Flow (Normalized) Q (W/g)

Semi-crystalline thermoplastics like Polyethylene (PE), Polypropylene (PP), and Polyethylene Terephthalate (PET) find extensive use across a range of applications, including in packaging
materials. Semi-crystalline polymer morphology is marked by the presence of locally-ordered, crystalline regions interspersed between disorganized, amorphous regions. The presence of
these crystalline domains within the structure confers desirable end-use properties including increased strength, wear performance, and chemical resistance. However, it is vital to carefully
control the processing conditions to achieve the required levels of crystallinity in the product since high crystallinity can lead to brittle products, reduce optical clarity, or result in warpage
and shrinkage defects.

Application Example: Explore Effects of Thermal
History on Crystallinity
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HOW DOES THE PRODUCT PERFORM?
Crystallinity Changes Post-Tg PET Stiffness
Understanding the product performance under final end-use application conditions helps guide product formulation, process optimization, and plays an important role in troubleshooting
and failure analysis. For plastic products, the mechanical properties are closely tied to the end-use product performance and can be evaluated through a combination of different
mechanical testing techniques that provide information on the material’s modulus. Depending on the type of deformation, additional information and insights can also be obtained.
		 •Monotonic testing: Unidirectional deformation to failure under an applied load – test materials under conditions of increasing load (e.g., Stress-strain curves)
		 •Fatigue testing: Understand damage and failure from repeated loading – test materials and finished products under conditions of increasing cycling (e.g., S/N curves)
		 •Dynamic Mechanical Analysis (DMA): Study solid viscoelastic properties as a function of temperature and deformation frequency (e.g., Glass transition temperature (Tg),
			 Time-Temperature Superposition (TTS)
DMA testing investigates the temperature dependance of a solid specimen’s mechanical properties under bending, compression, or tensile deformation. It provides quantitative information
about the material’s viscoelastic properties through the Storage Modulus (E’), Loss Modulus (E”), and tan(δ) (damping factor). When polymeric specimens are heated, they undergo
transitions that are reflected in these mechanical parameters. DMA is one of the most sensitive techniques available to measure glass transition and beta transition temperatures, since it
picks up on subtle changes in local polymer mobility brought about by the increased temperature.
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• Processing: Was this batch of resins blended uniformly to achieve miscibility?
• Product performance: Does this product have the right mechanical strength/ stiffness
for the intended end-use environmental conditions (temperature, relative humidity)?
• End-of-life: Do products produced with recycle resin match the mechanical properties
of those made with virgin resins?

Glass
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Answer the following questions with results from
your DMA:
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Crystallinity also impacts the load bearing capabilities and damping properties of the
material. This is seen in the systematic increase in the post-Tg rubbery plateau modulus.
Notably, the most crystalline sample (C) has a modulus that is nearly 1000 times higher
than the as-received amorphous material (A). However, the increased sample stiffness is
offset by a loss of the damping properties, as evidenced through a significant reduction
in the tan(δ) signal. The results highlight how DMA can help tune processing conditions
to strike the right balance between material stiffness and brittleness required for the
intended end-use application.
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Crystallization Effects on PET Damping Properties
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The morphology of semi-crystalline polymers is intricately linked with processing conditions
and affects end-use properties such as optical clarity and mechanical stiffness. The effect
of crystallinity in a PET film material used in packaging was evaluated through DMA testing.
The incoming material was studied under three distinct thermal histories: a) as received,
b) rapidly cooled after a brief exposure at 120°C, and c) slowly cooled after prolonged
exposure at 120°C. Since 120°C is above PET’s Tg but below the melting temperature,
the polymer chains have sufficient energy to locally rearrange into crystalline domains –
longer exposure at this temperature results in more crystalline material.
The DMA data show a clear shift in the Tg to higher temperatures as the sample’s
crystallinity increased. This trend can be explained by understanding the physical origins
of Tg, which relates to the mobility of the polymer chains. Below Tg, the polymer backbone
is relatively frozen in the glassy state. As it is heated through Tg, the chains become more
mobile in the rubbery plateau region. Crystallinity has no impact on the behavior in the
glassy region, which already has limited motion. However, beyond the Tg, crystallinity limits
the polymer backbone’s motion, resulting in higher Tg temperatures.

Measurement of PET Transition Temperatures using DMA
10

Application Example: Understand mechanical
impacts of crystallinity
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REVOLUTIONARY INSTRUMENT PERFORMANCE AT YOUR FINGERTIPS

All Discovery Series Analyzers from TA Instruments are
equipped with a brand-new One-Touch-Away™ appstyle touchscreen that greatly enhances usability by

•
•
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The One-Touch-Away™ interface includes:

• Start/stop controls

• Real-time signals and plot

Resilient, responsive touch screen for an

• View active method

• Advance to next step in method

enhanced user experience

• System information

• Test and instrument status

placing key instrument features at your fingertips.

•

The app-style touchscreen includes:

Packed with functionality to simplify operation
Ergonomic design for easy viewing and operation

The app-style touchscreen, powerful new TRIOS software, and quick robust calibration
routines work seamlessly to dramatically improve laboratory workflows and productivity.

29

A COMPREHENSIVE THERMAL ANALYSIS AND RHEOLOGY
SOFTWARE SOLUTION

Our instruments’ robust software package uses innovative technology for instrument
control, data collection, data analysis, and reporting for thermal analysis and rheology.
The intuitive user interface allows you to seemlessly program experiments and move easily
between processing experiments and viewing and analyzing data.
Thoughtful features such as automated calibration routines, multiple calibration sets, realtime test method editing, and inter-laboratory data and test method sharing provide
unmatched flexibility, while one-click analysis and custom reporting raise productivity to
new heights.

Reports: Easily prepare your data for presentation using the TRIOS Report feature. Dragand-drop elements, corresponding to various data file components, can be inserted into
a familiar word processing workspace, allowing for clear and concise formatting of all
experimental parameters. Once created, simply apply the complete format to any data
file–automating analysis and relevant details to communicate your findings.
Analysis: Save routine analyses to the Analysis library, then apply them with a single click,
streamlining your workflow and increasing productivity. Share these analyses by saving an
Analysis Template to ensure the exact parameters are used in collaborative environments.
Control Charts: Conveniently store and track analysis results from your data archive in a
single file. Detect trends in your data and flag unacceptable results so you can keep your
process moving without interruption.
User Models and Variables: Define your own analysis model to precisely fit your
experimental data within TRIOS. The intuitive interface gives you full control over
mathematical functions and adjustable fitting parameters, while TRIOS solves the equation.
Save your custom models to quickly apply them to future experiments. Every TRIOS data
file contains a standard set of variables based on instrument type. If the required variable
isn’t available, quickly create your own using the User Variable feature to obtain the results
you require.
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BE ASSURED: CHOOSE TA INSTRUMENTS GLOBAL SERVICES

Our experience with over 10,000 installations has shown that when users are well trained,
systems receive routine preventive maintenance, and problems and concerns are
addressed promptly, the result is improved instrument performance, increased uptime,
and reduced cost of ownership.
The Lifetime Support Plan (LSP) has been designed to make this comprehensive support
available for a modest, easily budgeted annual subscription fee, that is predicated on
the benefits of uninterrupted coverage initiated at installation and continued for the life
of the instrument. Benefits of this plan include:
• Optimized instrument performance
• Well-trained users
• Maximized uptime
• Protection from unexpected repair costs
• Easily budgeted operating expenses
• Reduced cost of ownership
This support product is available only for new instruments at the time of purchase, or prior
to the end of the warranty period. Once initiated, the LSP is renewable annually to provide
uninterrupted coverage for the life of the instrument.
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MORE INFORMATION
www.tainstruments.com/applications/polymers

©2022 TA Instruments/Waters Corporation. Printed in the U.S.A. March 2022

TA Instruments
159 Lukens Drive
New Castle, DE 19720 U.S.A.
T: 1 302 427 4000
F: 1 302 427 4041
www.tainstruments.com

Waters Corporation
34 Maple Street
Milford, MA 01757 U.S.A.
T: 1 508 478 2000
F: 1 508 872 1990
www.waters.com

