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Agenda

Section 1 (2 hours)

®

®

Basics in rheology and instrumentation

Introduction to all rheological methods

Rheology theory

How rheometers work and geometry
selections

Flow experiments
Oscillatory experiments

Transient experiments

“ /Section 2 (2 hours) \

.

Rheology Applications- how to select
correct geometries and test methods

= Structured fluids
Low viscosity liquids
Creams/slurries/pastes
Gels and soft solids

= Polymers
Polymer melts
Reactive polymers

Solid polymers /




What Rheology Measures

* Viscosity (Liquids)

* Elasticity (Solids)




Rheology Applications
1. Structured Fluids and Soft Solids
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Low Viscosity Liquids — 1. Newtonian

Viscosity n (Pa.s)

= Large diameter cone-plate or parallel plate(e.g. 60mm, 40mm, concentric cylinder

What geometry to use?
cup/rotor).
What methods?
= |sothermal viscosity |
= Viscosity versus temperature
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Viscosity n (Pa.s) /A

What geometry to use?

= Large diameter cone-plate or parallel plate(e.g. 60mm, 40mm, concentric cylinder cup/rotor.

What methods?

= |sothermal viscosity versus shear rate/stress
= Yield stress — why orange juice has no phase separation?

Eye drop: Shear thinning
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Low Viscosity Liquids — 2. Non-Newtonian

Orange Juice: Yield
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Structured Fluids

® A multiphase complex system consists of a continuous phase (e.g. water or oil) and a
dispersed phase (solid, fluid, gas)

® Stabilizers or thickeners are added to form a weak three-dimensional network structure

Particles Stabilizers
Droplets Thickeners
Air Bubbles (Network structure)

@@s@
of O

o % 0
'@l\_@

Liquid media (e.g. water or oil)
Continuous phase
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Types of Structured Fluids

® Three categories )
o_Suspension Solid particles in a Newtonian fluid
o_ Emulsion Fluid in a fluid
Foam Gas in a fluid (or solid
__° for solid) Y

®* Examples are:

Paints

Coatings

Inks

Adhesives

Personal Care Products
Cosmetics

Foods

0O O O O O O O
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Properties of Structured Fluids

¢ Structured fluid properties
o Non-Newtonian
o Yield stress
o Thixotropic
o Viscoelasticity

Yield Thixotropy | &%
High viscosity Structure destroyed Viscosity & elasticity
Elasticity Shear thinning recover over time



What Geometry to Use?

- Parallel plate (e.g. 40mm, 25mm, 20mm)
* Roughen surface parallel plate (e.g. crosshatched, sandblasted)

» Concentric cylinder cup with vane or helical rotor

Avoid slippage




Be Careful When Using a Cone and Plate

® Most structured fluids contain particles with size in the micrometer range

® Depending on the cone angle, the truncation gap of a cone geometry will
be between 10 and 120 um

® Parallel plate geometry is recommended

Gap can be adjusted
Common gap at 0.5-2mm

1/

Truncation Height = Gap

1/
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General Viscosity Curve for Suspensions

This viscosity is often called
the Zero Shear Viscosity, g,
or the Newtonian Viscosity

X First

Newtonian
fiows Plateau - Possible
ogn Second : Increase in
Power-Law ~~ Newtonign § L ocosty

Shear Thinning Plateau

o o ¢ or, equivalently, i o !
m is usually 0.15 to 0.6

log y

Reference:Bames, H A, Hutton, J.F, and Walters, K_, An Introduction to Eheoloqgy,
Elsevier Science B.V., 1989. ISBN 0-444-87469-0

CEA

TA



Reason for Shape of General Flow Curve

Brownian motion
random orientation

Shear field aligns <" Hydrodynamic
particles along :  interactions push

streamlines particles out of
alignment. Temporary

hydro-clusters form,
increasing the effective
volume fraction and
leading to shear
thickening

Y -

° 0.
® B oeccee P °0
o "o ¢ eg000 0 X ) |
. Trapped Continuous
. . . » Phase Volume
Shear thinning Shear thickening

log n
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Viscosity vs. Shear Rate and Properties

log n

1.00E-5

® What shear rate?

4) Chewing, swallowing
5) Dip coating

6) Mixing, stirring

7) Pipe flow

1) Sedimentation
2) Leveling, Sagging
3) Draining under gravity

8) Spraying and brushing
9) Rubbing
10) Milling pigments
11) High Speed coating

1.00E-4 1.00E-3 0.0100 0.100 1.00 10.00 100.00 1000.00 1.00E4 1.00E5 1.00E6

shear rate (1/s)

L
S TA ‘ TAINSTRUMENTS.COM



Adhesive Coating Process: Viscosity Scan

Viscosity n (Pa.s) @

Water Based Adhesives

102,
| | Storage stability @ Formulation A
§ @ Formulation B
1]
10 : Transporting
Mixing
Stirring
Pipe flow
1004
101+
— Coating
Application
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What is Yield?

® Yield stress is a time dependent characteristic that is associated with many structured fluids such
as Mayonnaise, Ketchup, hand lotion, hair gels, paints etc.

® A material that has yield does not flow unless the applied stress exceeds a certain value — yield
point

® Yield stress is created in formulation by adding additional thickeners

® Yield helps stabilize complex fluids
o Avoid sedimentation and increase shelf life
o Reduce flow under gravity
o Stabilize a fluid against vibration

e \

4

|
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How to Measure Yield

® Yield can be quantitatively measured on a rotational rheometer

® Common methods

o Stress ramp

o Stress sweep

o Shear rate ramp

o Dynamic stress/strain sweep

Note:
Yield behavior is a time dependent characteristic. Measured yield stress
values will vary depending on experimental parameters

TR
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Yield Stress of a Body Lotion

® Stress ramp from 0 to 200 Pa in 60 seconds

® Yield is determined at the point where viscosity shows a peak
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Fit Results with a Flow Models

® Fit the stress ramp curves with a mathematical flow model

® Three flow models to describe the yield behavior

Bingham Herschel-Bulkley Casson

Stress /Pa
Stress /Pa
Stress /Pa

¢ =0y +ng¥ o =0y + kug¥™ Vo = foy +ncy

Shear rate /s Shear rate /s Shear rate /s
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Yield Stress of Ketchup

¢ Stress ramp test on Katchup

® Yield is computed by fitting the flow curve with a mathematical model
70

.‘ Yield stress = 56 Pa
30 &

Stress o (Pa)

N
o

Bingham Model:

-
o

o=o0,+NYy

0.00 0.10 0.20 0.30 0.40 0.50
Shearrate y (1/s)
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Yield Stress of Orange Juice

® Shear rate ramp down from 500 to 0.001 1/s

® Yield is identified by the stress plateau No settling?!
1025 ; 10"
10"
] slope=-1
2 | - 100
e 100 ? %
] »
< 7]
> | Q
z °
< ] - 10”7
102 Yield stress = 0.017Pa
10-3 —————————ee—— ek 1072
103 102 10" 100 10" 102 103

Shear rate y (1/s)
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Yield Stress of a Toothpaste

¢ Steady state stress sweep from 10 Pa to 500 Pa

® Yield stress is determined by a sharp decrease in viscosity over a narrow range
of applied shear stress

® Take the onset of viscosity vs. stress curve
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Wall Slip - Artifact Yield

® Incidence of wall slip is often observed when testing structured fluids
® Wall slip shows artifact yield

Yield Stress Measurements on Toothpaste

1.DEZ =

1066 =
/ T 105 Pa

1.0E5 =
crosshatched smooth

late
— p plate

Viscosity (Pa.s)

100.0 o ;
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Yield Stress of Mayonnaise

® Dynamic stress/strain sweep test on Mayonnaise
® Yield stress is signified at the onset of G’ vs. stress curve
® Yield determined by this method indicates the critical stress at which irreversible plastic

deformation occurs )
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Creams/Lotions: Predict Stability

Stability, phase separation of a cosmetic cream

Moduli G' & G" [Pa]

1E+06
+=G'emulsion A = G" emulsion A
+=G'emulsion B - G" emulsion B
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What is Thixotropy?

® Thixotropy is a time-dependent shear thinning property, which is used to characterize
structure change reversibility

® A thixotropic fluid takes a finite time to attain equilibrium viscosity when introduced to
a step change in shear rate

® Thixotropy is a desired property for many applications such as:
oControl sagging and levelling of paints

oStart up of pipleline flow after rest 1

% R

N
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How to Measure Thixotropy

® Thixotropy can be quantitatively measured on a rotational rheometer

® Common methods

oStepped flow method

oStepped dynamic method

oStress ramp up and down method (Thixotropic loop)
oDynamic time sweep after pre-shear method

Note:
Thixotropic behavior is a time dependent characteristic. Measured thixotropy
will vary depending on experimental parameters.

<N
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Stepped Flow Method

Shear Rate (1/s)

Application High Structure
g recovery
‘« /_
©
Q
Post application -
Rest (recovery) 5
Q
2 Low
= —__
Time (min) Time (min)

Experimental:

Step 1: Low Shear (e.g. 0.1 1/s), state of rest

Step 2: High Shear (e.g. 10 1/s), structural destruction
Step 3: Low Shear (e.g. 0.1 1/s), structural regeneration
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Thixotropic Analysis of a Blue Paint

120

100 -

il
...

Good Performance

Viscosity n (Pa.s)

01/s

0 100 200 300 400 500 600
Time t (s)
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Stepped Dynamic Method

Strain (%)

outside LVR High Structure
within LVR /\ ” n ﬂ [\ within LVR g /i
LANAAA AAANAN )
IATATATA J TVUUT 2
_§ Low
UV = —___
Time (min) Time (min)

Experimental:

Step 1: Dynamic time sweep within LVR, structure at rest

Step 2: Dynamic time sweep outside LVR, structural destruction
Step 3: Dynamic time sweep within LVR, structural regeneration

CEA

TA

Good for measuring high viscosity samples



Blue Paint: Stepped Time Sweep

102

Storage modulus G' (Pa)
Loss modulus G" (Pa)

0.1% 100% 0.1%

10"

0 100 200 300 400 500 600
Time t (s)
—
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Stress/Rate Ramp Up and Down Method

Stress (Pa)

Time (min)

® Ramp shear stress linearly from zero up until sample flows, then ramp stress
back down to zero

® Thixotropic index is measured by taking the area between the up and down stress
curves

® TA Tech Tip: https://www.youtube.com/watch?v=8IZangOp1SY

CEA
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Thixotropic Loop Testing on Foods

Mayonnaise, Yellow Mustard, and Ketchup

o thixotropy: 63.0 Pa/s thixotropy: 714.4 Pa/s thixotropy: 1456.0 Pa/s
100 - . . 5
90—f
80; . 2
70 4 " R

60 I 40mm sand blasted plate
Gap: 1mm

Ramp stress from 0-100-0 Pa
40 Ramp up time: 60 sec

30 Ramp down time: 60 sec

™ Ve
10

10 20 30 40 50 60 70 80 90 100 110
Shear rate y (1/s)

50

Stress o (Pa) @

o @

——
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Time Sweep After Pre-shear Method

2 &

& O

© E

S ) > _

2 | Pre-shear to destroy 3 Monitor structure

n structure recovery within LVR
Time (min) Time (min)

® Apply a constant shear (e.g. 10 or 100 1/s) for a certain time (e.g. 1 min.) to
break down structure

® Immediately start a time sweep within the linear region of the material to
monitor structure recovery

N\



Blue Paint: Time Sweep After Pre-shear

® Monitor the increase of the G' as a function of time.
® Thixotropic recovery is described by meausring the recovery time (1)

e <
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T ﬂ
o ®©
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G
S ) /
2o
33 w
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o £ ‘ S
s3 . 3
@ structure recovery time "
G'(t)=Gy+ (G —G ) —etT)
SO
"""t
0 100 200 300 400 500 600 700 800 900 1000
Time t (s)
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TA Practical Series Training Course

https://www.tainstruments.com/a-practical-approach-to-rheology/

*How to measure Yield stress

*How to measure Thixotropy

*How to avoid wall slip and edge fracture
*How to fit flow curves with models

Viscosity Measurements on Liquids

The second chapter this four part series on rheology will cover viscous behaviors of
liquids.

Yield and Thixotropy Measurements

Beyond viscous behavior, complex fluids can exhibit other important flow characteristics,
most notably yield stresses and thixotropy. In this third part, we will explore effective ways
to quantify these behaviors.

N
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Elasticity Measurement

The elasticity characterizes the mechanical energy stored
(recoverable) during deformation and is a measure of the
@tructure In a material

*Three test methods are commonly used to determine the
elastic contribution:

= Oscillation test — frequency sweep (most common)
= Creep Recovery test
= Normal stress measurement

<N
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Elasticity: Oscillation Frequency Sweep

Cosmetic lotion

2.0
A = Many dispersion exhibit
£ 115 solid like behavior at rest
ey
>
’g {10
2 = The frequency dependence
> 42 oY eees00sepqnuiioBggossesosonsasssosseses® i
= 103 °*c  and the absolute value of
L 1., tan & correlate with long
ED- | —e— complex viscosity time stability
(f?, —0—-G {05
% 101_: —R— GII
° 1 —e—tans
(23 T T LR | T L | T LR | 1.0
0.1 1 10 100

frequency o [rad/s]

= Note: strain amplitude has to be in the linear region
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Differences in elasticity using frequency sweep

Mineral oil: Mostly Newtonian Polymer melts: viscoelastic
10° 101 10%
- -
c <
& 5 b 104
A100 3
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o ® 4
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Lotions: Coefficient of Friction

Coefficient Of Friction y @
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Hydrogels

* Hydrogels and creams are used in a wide variety of applications including
tissue engineering, wound patch, drug delivery, contact lenses and
superabsorbent materials

* Rheology can provide key information on gel formation and gel strength on
different formulations

- Related applications Notes: AAN033; EF014; EF015; EF016; TA384; TA410

L
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Natural Polymer: Hyaluronic Acid

® Hyaluronic acid is a natural polysaccharide, which is
commonly used in pharmaceutical, biomedical and personal
care

® Rheology can evaluate the visco-elastic properties as
function of concentration, ionic strength, Mw, degree of
crosslinking, formulations etc.

Monitoring gelation Measure gel strength Measure zero shear viscosity

modulus G"

Storage modulus G' (Pa) @ Loss
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o 10 103 ]
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= g e P
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© 10 e
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& 1o e e 3 = o rate index: 0.8338
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Gelatin: Gelation vs. Temperature

® Thermal reversible gelatin gels:
= Measure gelation and gel melt

10°
. 2 §
=9 1&2°C/min wilg
o L Heating L @
0 10 | =
: |
2 o cooling 1°C/min a
3 ,? . ® hea!ling 1°Cimin 0 ‘%%
s £&— —4— cooling 2°C/min 10 w0
o .‘. : 3 & heating 2°Cimin o
© : 10" | =
S | 1p'{ 2'Cimin ¥, @
M o 1 Cooling ¥ .
| 1021 AR AR SR 10°
1031 ; 1 T 1 10 »
10 20 30 40 S0

Temperature T [°C]

N
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Gelatin Gel Strength at Different Concentration

® A dynamic frequency sweep test can be used to compare gel

strength at applications temperature
Frequency Sweep at 10°C

104
g
- for +—e o e ® ® e o e o—4+—o—¢—¢
O L
g 2 Y- W L 3
5 1044 ¥ B AE T = " E— v S Wemmmm ¥
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£
o 107
2]
o
|

100
©
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e 10 .y |
@ o + Gelatin 1%
3 1024 P = Gelatin 2%
£ L + Gelatin 3%
S 1004 « Gelatin 5%
©
S +» Gelatin 10%
0

10+ ‘ :

0.1 1.0 10.0 100.0

Angular frequency  (rad/s) ( —y (
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Contact Lens Visco-elasticity

tan(delta)

Compare frequency dependency of contact lens’ elasticity

0.3500

0.3000
0.2500
0.2000
0.1500
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0.05000 -

0:

Vendor A

1.000

T T !
10.00
ang. frequency (rad/s)
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Eye Patch Gel: Stress Relaxation

= A stress relaxation test can measure how much
stress a gel can hold at a given deformation

Silicon based gel stress relaxation at body temperature

500
— Stress@10% strain

400 - — Stress@50% strain
] — Stress@100%strain
300- ‘\

200 - \...
100/ \

102 101 100 107 102 (v
Step time (s (s)

Stress 0 (Pa) @

(N
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Rheology Applications
2. Polymers
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Available Polymer Applications Notes on TA Website

—

Products « Videos « m Training News & Events Sales Promos Careers « About TA « Contact «

pplications Notes Library

Applications Notes Library

Our instruments are used in a variety of products, in multiple industries. The application notes below provide more detail on specific potential applications. You can search

for specific app notes with the search field

polymer

Title

Application of Rheology of Polymers

Understanding Rheology of Thermoplastic Polymers

Creep Recovery Measurements of Polymers

Introduction to Polymer Blends and Alloys

The ARES-EVF: Option for Extensional Viscosity of Polymer Melts

Automotive Fatigue Life and Dynamic Mechanical Analysis of a Matrix Polymer

Use of Reology to Determine Molecular Weight Distribution of Polymers
Efficiency of Stabilisers in Polymers Measured by Microcalorimetry
Oxidation of Polymers Studied by Microcalorimetry

Multisample Stability Testing of Polymers

Mixing Rules for Complex Polymer Systems

RS25 Polymer Mw...pdf #

Product Category
Rheology
Rheology
Rheology
Rheology
Rheology

ElectroForce Mechanical
Testing

Rheology

Microcalorimetry
Microcalorimetry
Microcalorimetry

Rheology

Ref#

AANOOY

AANO13

AANOD22

AANOD23

APNO02

EF026

L2092

M139

M22033

M22037

RH095

Link

Download Note

Download Note

Download Note

Download Note

Download Note

Download Note

Download Note

Download Note

Download Note

Download Note

Download Note
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Purpose of a Rheological Measurement

Three main reasons for rheological testing:
® Characterization

MW, MWD, formulation, state of flocculation, etc.
® Process performance

Extrusion, blow molding, pumping, leveling, etc.
® Product performance

Strength, use temperature, dimensional stability,
settling stability, etc.
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Most Common Experiments on Polymers

* Oscillation/Dynamic
= Time Sweep
- Degradation studies, stability for subsequent testing
= Strain Sweep — Find LVR
= Frequency Sweep -G, G,
- Sensitive to MW/MWD differences melt flow can not see
= Temperature Ramp/Temperature Step
- Transitions, end product performance
= TTS Studies
* Flow/Steady Shear
= Viscosity vs. Shear Rate, mimic processing
= Find Zero Shear Viscosity
= Low shear information is sensitive to MW/MWD differences melt flow can not see

* Creep and Recovery

= Creep Compliance/Recoverable Compliance are sensitive to long chain
entanglement, elasticity

CEA
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Most Common Geometries

* Polymer melts:
= 25mm and 8mm parallel plates, and disposable plates (cure)
= Cone-plate (normal force measurement)
= Cone partitioned plate (avoid edge fracture, LAOS) ‘ u
* Polymer solids: .
= Torsion rectangular and cylindric geometry | |
= DMA clamps (tension, bending, cantilever, compression)

Torsion rectangular
and cylindrical clamps

DMA cantilever, 3-point bending and tension clamps

L
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Polymer Melt Thermal Stability

- Determines if properties are changing over the time of testing
= Degradation

= Molecular weight building, crosslinking

o H . .
PP at 230°C ( degradation) PEEK at 400°C ( crosslinking)
360 2 .
N Under N2 Under air
(Stable) (unstable)
o 3404 1ot
g 320 4 © 5 T
g 1z
E ]
5—03‘ 300 4 o
280 : — : , . — 10 ' ' '
4] 5 10 15 20 25 a0 0.0 10.0 200 30.0 40.0 50.0
Step time t: (min) time [min]
(TA



Idealized Flow Curve - Polymer Melis

\ Power Law Region
First Newtonian Plateau
N, = Zero Shear Viscosity
M, = Kx MW 34
= Extend Range
o with Time-
e} Temperature
Superposition (TTS
Measure in Flow Mode : : p& %ox-Mer(z )
1l in e
: Extend Range Second Newtonian
: with Oscillation Plateau
& Cox-Merz :
Molecular Structure Compression Molding : Extrusion _
1.00E-5  1.00E-4 1.00E-3  0.0100 0.100 1.00 10.00 100.00  1000.00 1.00E4 1.00E5

shear rate (1/s)
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Melt Flow Testing Considerations

* Edge Fracture:
Sample leaves gap because of normal forces

* Cox-Merz Rule

An empirical relationship between a dynamic complex viscosity and steady shear
viscosity. It has been observed working with many polymer melt systems

n = oly n* =G"w

N t
n(7)=n"(o)
https://www.youtube.com/watch?v=urGKnj5Qmhc W

Ewoldt Research Group
P b ) oz




Melt Rheology: MW Effect on Zero Shear Viscosity

® Sensitive to Molecular Weight, Mw
® For Low MW (no Entanglements) n, is proportional to Mw
® For MW > Critical Mw,, 1, is proportional to Mw?3-4

log MW

Ref. Graessley, Physical Properties of Polymers, ACS, ¢ 1984.
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Influence of MW on Viscosity

® The zero shear viscosity increases with increasing molecular weight. TTS is applied to obtain

the extended frequency range.

7 =
1073 SBR M_ [g/mol]
] —e— 130 000
106 - —0— 230 000
_ —o— 320 000
» S —&— 430 000
g 1073 : /
-)<C .:". _Z’e\:“: . /
> 4 R ® Zero Shear X 4y
% 1 0 _g i-; Viscosity \{ '_
o] E B
(&) 1 10°4 o
> 10°H '
1 02 3 e Molecilar weight M,, [Daltons]
(B U

Frequency o a_ [rad/s]

The high frequency
behavior (slope -1) is
independent of the
molecular weight
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Influence of MWD on Viscosity

¢ A Polymer with a broad MWD exhibits non-Newtonian flow at a lower
rate of shear than a polymer with the same n,, but has a narrow MWD.

/

Narrow MWD

P

Broad MWD

Log Viscosity (Pa.s)

Log Shear Rate (1/s)
CEA

TA



Influence of MW on G’ and G*

® The G'and G" curves are shifted to lower frequency with increasing
molecular weight.

Modulus G', G" [Pa]

106-; ~
5
10 _§ .' | -::.\.\.
/./‘ i. \.
104_ [ ]
¥ ) SBR M [g/mol]
A : —m— G' 130 000
3
10° 3 N ‘,r —e— G" 130 000
( _,A" —m— G' 430 000
) - —e— G" 430000
107 7 —m— G'230 000
~ —m— G" 230 000
101 LMRALLLY B ALY LB ALLLL BELELELLALLY BRI LLLL BRI LLLY BRI LLLL IR ALY B
10* 10° 10% 10" 10° 10" 10* 10° 10°

Freq o [rad/s]

TA Instruments Webinar

Professor Chris Macosko
- Analyzing Molecular
Weight Distribution w/

Rheology

TR



Influence of MWD on G‘ and G*“

rAOID-B=rP
djjjjpujﬂégjjjjggu [
it
. rﬁﬁ&@@%o
2 (b%Q)O OO\O\Qfo\
o]

O0o.
~O,
\O/O\O

SBR polymer melt

—o— G' 310 000 broad
—0— G" 310 000 broad
—o— G' 320 000 narrow
—0— G" 320 000 narrow

Modulus G', G" [Pa]

10* 10% 10" 10° 10" 10* 10° 10
Frequency wa, [rad/s]

Higher crossover frequency : lower M,,
Higher crossover Modulus: narrower MWD

(note also the slope of G” at low
frequencies — narrow MWD steeper slope)

Modulus G" [Pa]

The maximum in G" is a good
indicator of the broadness of
the distribution
2.0x10° Narrow
1 6x10°
1.0%10° 1
5.0x10 4
—o—G" 310 000 broad
4 - —o— G 320 000 narrow

— e R IIIII_\l""""I‘I IIIIIIII’_\""""I_IIIIIIII ,
107 107 107 107 10 107 107 107

Frequency a_o [rad/s]
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{Pa)

Loss moduius G~

Storage moduius 67 {Pa)

Frequency Sweep - Mw and MWD

 Using rheological measurements to quantify molecular weight

and molecular weight distribution

Exxon Freq Sweep 190C

104 107 Meolecular Weight Distribution Calculation Iteration 5
ll — Material
L Palpmer Type PF(isatactic] b Edit... I
100 1 DrataT emperature IW 90.00 ['C]
| — Molecular Weight and Distribution
i & Unimodal " Bimodal " N-modal
[2]
10? I g
2
! ‘: Distribution Type lm
| <
1 i Wwieight Average Mw |1.67e+05 =
1074 g =
: -7 Mwshn 1.9851 _I:I
i Matenal PP(isotactic) T
1 T 19'3 DO "C - Data Clipboard:  Copy Pastal
1 =
1o Mn: 84865.6 g/mol $ |l o T ‘ ,
" 3 * ati t ' L L
1 MIU".Ir 156?44 gfmtll i Iking Rule: . ouble Reptation vElage 10 p 5 = e lu
] . g Add Rouse mations [ 10 E . B 10
Mz: 327250 g:’mol @ [radis]
| DokEdwards tems [1 =1 Settings |
1004 Crossover technique: Cubic / linear (Qrche) )
C dulus: 36995.3 Pa ~ Calculation Resul - Plot Format
! rosSsover modulus. e o I @ Dynamic Data (G, G") MWD [ wiMw) ] MWD [ (M) M ) |
{ Crossover x value: 275.078 rad/s bt (£ SWM |ﬁ-579+05
{ Mz [3.27e+08 wihn [1.9648 Auto Solution Update T =i
107 4 — —— e S T Mz+1 [6 35605 Enor  [01088 Cauiae | [ Opirize | ey B |
1! 10 1! 10¢ 1o

Angular frequency w (rads}

Jodo Maia: The Role of Interfacial Elasticity on the Rheological Behavior of Polymer Blends
Chris Macosko: Analyzing Molecular Weight Distribution w/ Rheology
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High MW Contributions

400,000 g/mol PS

400,000 g/mol PS
+ 1% 12,000,000 g/mol

400,000 g/mol PS
+ 4% 12,000,000 g/mol

GPC

GPC

GPC

Macosko, TA Instruments Users’ Meeting, 2015
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Surface Defects during Pipe Exirusion

HDPE pipe surface defects

« Surface roughness
I ] correlates with G* or
o Ty v elasticity — broader
5 - MWD or tiny amounts of
o 10 lo 3 a high MW component
0 8
E 5
é —=— G'rough surface ;.Ez * Blue-labled sample
10 Evisinraieladi LLNC shows a rough surface
4 —O—n* smooth surface f after extrusion

' 0.1 1 10 o 1(')0
Frequency o [rad/s]

TA



Frequency Sweep - Tack and Peel of Adhesives

® Adynamic frequency sweep test results can correlate to tack and peel performance
® One single frequency sweep test cannot cover the entire frequency range of interest.
Use Time-Temperature Superposition (TTS).

Tack and Peel performance of a PSA

—m— good tack and peel
—#— Bad tack and peel
T /
o,
4
0] 10" 5 . /
g -
=
é peel
)]
& 10° 4 application
S
w
T T LA L | T LA L L |
0.1 1 10

Frequency o [rad/s]




Adhesive Tack Testing

* Tack testing method: ASTM D2979

* Use 8mm parallel plate, axial tensile at 0.1mm/sec

* The maximum force required to pull the plate away is defined as the
sample’s tackiness.

20
18
16
14
o 12

(N)

rc

o 10 -

8

Axial F

o N B O

Crosslinked PSA:
Adhesive failure

Non-Crosslinked PSA:
Cohesive failure

1 E— EE——
N — R
0 5 10

Displacement (mm)

N
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Effect of Filler on Melt Viscosity

Neat and Filled LDPE

107 3 0
E Temperature 180" C
] —e— LDPE filled
10° —e— LDPE neat
Ty 3
o
— 10"
2
[
>
= 10"
(@)
O
2
> 10°+
10”4 L ==

LA LY UL LLLY IR LLLY B RAALLL IRRLELALLLLL BENLELALAALLL
1E-5 1E-4 1E-3 0.01 041 1 10 100 1000 10000
Shear rate y [1/s]

Fillers increase the
melt viscosity

Due to inter-particle
interactions, the
non-Newtonian
range is extended to
low shear rates and
the zero shear
viscosity increases
dramatically

The material has a yield, when rate and viscosity are

inverse proportional at low rate.

TR
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Dynamic Temp Ramp Test on Adhesives

» Most popular test for PSA evaluations
* Results correlate to the PSA performance with temperature

109 - - 10
108;
107é
106é
105é

_ ‘ G'p =7694Pa ’
104 - Tg=163°C wg ., TX=759°Q

() (9 )uey (eyjep)uey

Storage modulus G' (Pa) /\
Loss modulus G" (Pa) |

103 |

102

IIEIIEO
-40  -20 0 20 40 60 80 100

101

Temperature T (°C)



What do We Learn from a Temp Ramp Test?

 Correlates with polymer molecular structure:

Shear Modulus (G* Pa)

Mw, MWD, and crosslinking

—
N

N\

N No Ingreasef crosslinking

\‘ ~o )
\\\\ 5—-_-__-_— s e e B e

\.\*--
= —_— ok o i R ] ] e e )
= r—
N~ ;\-v.h
).\\\ NT-T-\\
= N

Brodder mélecular— | nll =0 S HN \

weight disttibution \ N \
\Z \

ILower moleclular wegight

Temperature (T °C)
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Hot Melt Adhesive - Operation Temperature Window

« Operation temperature window: 62°C to 79°C
 Oscillation temperature ramp at 3°C/min
100

E o Cooling
. Heating— = Heating
U]

e

5 10°0

T

g T=79.17 °C
)]

7]

3

104_

T

5

% T=62.32°C

w

=

3 109

[e]

£

)

(0]

S

)]
° 102 ¥ ¥ ¥ T T ¥ ¥ ¥ T

50 0 10 80 o 100

o =
Temperature T (°C) 7 ‘T A'
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Extensional Viscosity Measurements

* Nonlinear elongation flow is more sensitive for some structure elements (e.g. branching )
than shear flows

* Many processing flows are elongation flows. Extensional viscosity measurements can be
used to help predict processability

( ARES G2 - EVF | (ARES G2-EVA ) ( DHRHR-EVA )




Extensional Viscosity

® Extensional rheology is very sensitive to polymer chain entanglement. Therefore it is
sensitive to LCB

® The measured extensional viscosity is 3 times the steady shear viscosity

® LCB polymer shows the strain hardening effect — Trouton ratio

Trouton Ratio = ng (1, €) / n, (1)

Linear: Trouton ratio = 3 o 6 Branched: Trouton ratio >3
10 .
[ o ‘ ]
> = 1054 F10°
© <
& 104+ L104 a
2 =
> >
-§ ‘é 104 F10¢
2 2 Strain hardening ratio
-§ 103 / Lioe S
S ! LLDPE 218 0.1 1/s g +LDPE 2190.1 1/
5 J +LLDPE 218 1.0 1/s 5 103 «LDPE 219 1.0 1/s 103
w +LLDPE 218 10 1/s = +LDPE 219 10 1/s
=LLDPE 218 Steady Flow *3 =LDPE 219 Steady Flow *3
102 T T T T T 102 102 T T T T T 102
107 102 101 100 101 102 103 103 102 10 100 101 102 103
Step time ts (s) B Step time ts (s)
TR
TA



Thermosetting Polymers Analysis

* Monitor the curing process

=Viscosity change as function of time or
temperature

= Gel time or temperature
» Test methods for monitoring curing
=Isothermal time sweep
=Temperature ramp
=Combination profile to mimic process

 Analyze cured material’s mechanical properties
(G, G", tan 5, Tg etc.)

L
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Thermoset Curing Process

Gelation and Vitrification

EAH u\_ E
ﬁfgyj}é %Eif;{
SRt EREA
0 0

S o

[ What Rheology Measures]

¥

liquid

Lhn,n% G

-

#

i

i

solid
n *

I;gel

Reaction Time

TR



Rheology for Thermoset Characterization

("« Measure viscosity change before crosslinking

* Monitor gelation and measure the gel point
» Monitor sample viscoelastic property change (G’ and G”) during curing

. * Evaluate the mechanical properties of the end-use product y
Isothermal Curing Temperature Ramp Curing
107 107 120, 107 108
10° L ———————— | 60 5]
g 105
T . 100 g . 100 g
g s " - L 105 3 _. 80]{d T 1054 G =24993.5 Pa 3
= o st o O & T=70.4°C L 7
O 104 > < KB ; 2
£ ¢ oy 4 1 t= 2406 sec 404 2
i # \ 10% & = 60]w O 104 =2
29 - 9 g 3 a o 2 0 &
83 7l = 2 85 @
£ 9 719 £ 100 < S 40l8 T 10} g
Q E 102 4 9 3 3 a o B F10% -
W 2 [ *
g g 4 3 Moduli crossover t=204.4s [ 102 @ % ? ] =
o~ 10 4 Crossover modulus: 7552 Pa 3 o = 204 B 8 102 w b g?
d A < n 3 Vis=16.4Pas ]
[ 10" PR, T=35°C 10
100] o 3 0 107 R 1347 sec
L 20 - 1o
0 100 200 300 400 500 600 700 800 900 1000 ¢ o - e ol

Time. £(s) Time ¢ (s)

(N
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Monitoring Shrinkage
9 g el

Metal
Prepreg

Metal

« Thermoset material shrinks during curing
* The amount of shrinkage could cause cracking or failure to the end produgts

(1) Set Gap Constant (2) Set Axial Force =0

monitor shrinking force monitor dimension(gap) change
1.00028 +1.000E8 r2.500 RER e e
1.000ET 1 geiiT o b 1
100057 -1.000E7 Fos
1.00026 +1.000E6 F-2.500
3 1.000E6 ~ it "% 500 .
— 1.000E5 §1.00085 o F-5.000 3 8 | —
o - w = L
> : Shrinkin g £ 1.00025 1.000E5 Gap Feos 2
10000 10000 force Frs00® o 3
= =
O s 9 E s 10000 10000 Chang 40 L]
100.0 4100.0 Fo12.50 1000 1000 ass
10.00 —-4gRF T T T T T T -15.00 100.0 4885 . T . T T | 450
0 25000 50.000 75000 100.00 12500 150.00 175.00 200.00 T e e

time (8) time (s}
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Measure Gel Point

 Viscosity goes to infinity Empiricism of Y. M. Tung and P. J. Dynes (1982)
« System loses solubility , .,
« Molecular weight M,, goes to infinity WhenG' =G " andTan5 =1
6 . T .
t46min Z———
liquid ;| solid =4 kL ta2] eeeeseeen i
. 4 = te| o= "
O : T] t-2 l,°°.- .....................E.; .......................
- 1 | B
‘— o t=6.].¢="
5 G er 1 19 i
£ 2 ~,
- a =
n 2 pl . |
r
'l _2 1 1 1
. > 0 20 40 60 80
t,e  Reaction Time REACTION TIME (min]
F. Chambon and H. H. Winter (1985)
TTA



The “True Gel Point”

G’/G” crossover: frequency dependent Gel Point: tan 6 crossover point
10° 102
=10 rad/s
« 50 rad/s
Ew Y « 100 rad/s
g L =
© =
g s
% = z 10y
£ 9 £ s
%E 1032 E’
582 +10 rad/s S
@ / « 50 rad/s L
/ o 100 rad/s
2 -2
Y0 0 0 b0 w0 10 w0 180 200 B T T T
Time ¢ (s) Time t (s)

G. Kamykowski; T. Chen, The Use of Multi-wave Oscillation to Expedite Testing and Provide Key Rheological Information. ANTEC, 2020

CEA

TA



Gelation Kinetics

» The gelation kinetics can be described using the empirical Arrhenius model
» Perform isothermal curing at different temperatures

50°C

60°C

)

107y 107
R 106% 108
&3 105 T
=g 10 LF 10
) ] e
g 10 36 104
e i 1462.12 s ER
3 3 3
23 10 i el 741165
o £ 10% o £ 107
2 ¢ 1 D
17 i 7]

10°; 100

10+ S — 10+

1000 2000 3000 0 1000 2000 3000
Step time ts (s) Step time ts (s)
80°C 100°C

107 107

106 106
EA 5 E’\ 5
£g v £5 10
O3 100 O 10
2 = o = " - N
32 10° 33 103
33 83
S g 10 gg 102
g2 204.56 s g3
5§ 10 58 10 58.74's
(2] (2]

100
101
1000 1500 2000 0 200 400 600

100
101
0 500

Step time ts (s)

-

Step time ts (s)

800 1000

8

Ln tgel

_ AEg \
/ tgel = tgel exp (—)

RT

y=7737.5x-16.631

3

Egel = 64 kJ/mol

R%?=0.9994

2

\0.0026 0.0027 0.0028

0.0029
1T (1/K1)

0.003 0.0031 D
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Quantify Crosslinking Density

» For unfilled polymers, crosslinking density can be quantitatively measured using rheology
* Calculation uses storage modulus in rubber plateau region (G’ ppery OF E'ryppery)

Storage modulus £’ (MPa) —

104
| ( 3RTd _ RTd )
: T c = or MC —
10 rubbery rubbe
s ' M. = Molecular weight between crosslinks
=3 , R = Universal gas constant
- 102. T = Absolute temperature (K)
0 \_ d = Polymer density -/
=
= 101, ‘

| S . . Mw )

, Crosslinking density,q = ——

100 ———————— e ‘ SR Mc

-80 -70 -60 -50 -40 -30 -20 -10 0
Temperature T (°C)

Mw = Molecular weight of the monomer

M. Barszczewska-Rybarak et al; Acta of Bioengineering and Biomechanics, vol 19, 1, 2017.
M. H. Abd-El Salam, J of Applied Polymer Sci, vol 90, 1539-1544, 2003. =
(TA



UV Curing

* Monitor UV curing: Dynamic time sweep

* Measure curing time with different formulations,
UV intensity and temperature

* Measure cured adhesive modulus

1.000E9 5

1.000E8

1.000E7

5 1.000E6

(P

©1.000E5

Formulation #1
Formulation #2
Formulation #3

UV on

10000~

1000 Formulation #5
1 00.0 TTTT T T TTT { TT T T T T TTT { TTTT T T TTT { TTTT T T TTT { TTTTTrIrrorrT { TTTT T T TTT { TTTTTrIrrorrT
10.000 20.000 30.000 40.000 50.000 60.000 70.000 80.000

time (s)



Curing with Controlled Humidity

« Silicone adhesive curing under 25°C and 10%; 60% relative humidity
* Higher humidity, faster curing

400000

@ Silicone at 10% RH

3500004 Silicone at 60% RH

300000 A

250000 -

e
3

200000 -

-~

150000 -

Storage modulus G' (Pa) @

100000 -

50000 |7/ #

Step time ts (min)



Testing Solids: Torsion and DMA

Torsion and DMA geometries allow solid samples to be characterized
in a temperature controlled environment

= Torsion measures G’, G”, and Tan & E = 2G(1 +v)

= DMA measures E’, E”, and Tan &
= DMA mode on ARES G2 (max50 umampliude)  \ * Poisson’s ratio
=  DMA mode on DHR ( max 100 ym amplitude)

\_

Torsion rectangular
and cylindrical clamps

DMA cantilever, 3-point bending and tension clamps /

VN

| TAINSTRUMENTS.COM



DMA and Rheology Measurement Windows

DMA

RN

Modulus

Tension Compression Bending

Temperature

N

| TAINSTRUMENTS.COM



Dynamic Temp Ramp Test - Measure Tg

(Pa)

Loss modulus G"

Storage modulus G' (Pa)

1010

109 Jpeeais

103_

107,

106_

Polystyrene

50 60 70 80 90 100 110 120 130 140 150
Temperature T (°C)

(¢ )uey (eyjep)uel

How to define Tg in a Temp
Ramp test:

(1) G’ onset - Occurs at lowest
temperature

(2) G” peak - Occurs at middle
temperature

(3) Tan delta peak - Occurs at highest
temperature - used historically in
literature

Reference: Turi, Edith, A, Thermal Characterization of Polymeric Materials, Second Edition, Volume |., Academic Press,
Brooklyn, New York, P. 980.
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The Glass & Secondary Transitions

Glass Transition - Cooperative motion among a large number of
chain segments, including those from neighboring polymer chains

Secondary Transitions

= Local main-chain motion - intramolecular rotational motion of
main chain segments four to six atoms in length

= Side group motion with some cooperative motion from the main
chain

= Internal motion within a side group without interference from
side group

= Motion of or within a small molecule or diluent dissolved in the
polymer (e.g. plasticizer)

Reference: Turi, Edith, A, Thermal Characterization of Polymeric Materials, Second Edition, Volume .,
Academic Press, Brooklyn, New York, P. 487.

<N
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Storage modulus E' (Pa) /\

Rheometers and DMAs are more sensitive to weak amorphous
transitions than DSC

Loss modulus E'(Pa)[]

PET film: Tested in tension

1010 :

109

10° 4

107

10°¢

101

- 100

L1017

102

-150 -100 -50 0 50 100

Temperature T (°C)

150

O (¢)uey (eyep)uey

Glass Transition (T,): Cooperative motion
among a large number of chain segments

Secondary Transitions (Tg, T,): Local or side

Y
group motion

DMA is 100-1000x more sensitive than DSC
for identifying weak amorphous transitions

Monitor Tg using DMA to study:
* Blend Miscibility

Crystallinity
Crosslinking density

(N




Polymer Structure-Property Characterization

® Glass transition

® Secondary transitions

® Crystallinity

® Molecular weight/cross-linking

® Phase separation (polymer blends, copolymers,...)
® Composites

® Aging (physical and chemical)

® Curing of networks

® Oirientation

¢ Effect of additives

Reference: Turi, Edith, A, Thermal Characterization of Polymeric Materials, Second Edition, Volume |., Academic Press, Brooklyn, New York, P. 489.
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Amorphous, Crystalline and Crosslinked Polymers

Crosslinked

Crystalline

increase
crosslinking

Modulus (E or G)

Amorphous

increase
crystallinity

Temperature
TR
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Where to Find Help

On your desktop In TRIOS

Manuals Manuals

TA Instruments
HR/DHR Manuals

To view the desired manual using Acrobat Reader, click the name in the list below:

& 05 nieep- Vo x5
Fie Gt Ve oot Tk Hep
scces Pl ipicsions 8f Succsticonogin (550 e @ lagintobiga ke Bv B m e R Sy Tk §

TA Instruments
ARES-G2 Manuals

To view the desired manual using Acrobat Reader, click the name in the list below: B conens 8 E A

TA Mannal Supplement
" o E— Search by keywords
(Contains fmportant information applicable to all manuals.) oome t
Instrument Documentation . [ Using the HRIDHR
et Instrument Documentation &
HR/DHR Series Getting Started Guide- UPDATED [ Using TRIOS Softvere welcome to TRIOS onllne Help
AR-G2/AR2000ex/AR1500ex Rheometer Getting Started Guide ARES-G2 Getting Started Guide [ Evaluating Data
Accessory Docuntentation Accessory Documentation  Eroesoges for the HR/DHR Rheometers
TA Insiruments Offces
Air Chiller System (ACS) Getting Started Guide ir Chiller System (ACS) Getting Started Guide - UPDATED! @ Tradenixks and Pa
= rademarks and Patents
Asphalt Submersion Cell Getting Started Guide Advanced Peltier System (APS) Getting Started Guide Notces
s
Digiectiic Accessory Getfing Staxted Glide Chiller Panel Kit Installation Instructions
Electrically Heated Cylinder (EHC) Getting Started Guide Dielectiic Accsssory Gellirg Started Guide |
Electrically Heated Plate (EHP) Getting Started Guid
rically Heated Phafe (EHR) Geting Started Guide Electrorheological (ER) Accessory Getting Started Guide

Electrorheological Accessory Getting Started Guide g )

FCO Camera Kit Installation Guide
Environmental Testing Chamber (ETC) Getting Started Guide )

High Sensitivity Pressure Cell Getting Started Guide - NEW!
Gas Cooling Accessory Getting Started Guide X
High Sensitivity Pressure Cell Getting Started Guide Interfacial Double Wall Ring (DWR) Getting Started Guide
Immobilization Cell Getting Started Guide LN2 Kit installation Guide
Interfacial Subphase Exchange Cell Getting Started Guide Partitioned Plate Getting Started Guide
MagnetoRheology Getting Started Guide Peltier Plate Kit Installation Instructions
Modular Microscopy Accessory Getting Started Guide Sealed Fluid Bath Kit Installation Guide
Optics Plate Accessory Getting Started Guide Sealed Fluid Bath Kit Upgrade Kit
Fretiriitate Concentic Gylider Ooting Satied Giyde: UV Glning AccesSory Geting Stafted Glidg TRIOS is TA Instruments' state-of-the-art package that ting-edge technology for instrument control, data collection, and data analysis of thermal and heology
Pettier Plate Getting Started Guide = instruments. The intuitive user interface allows you to simply and effectivel ram experiments and move easily between processing experiments and viewing and analyzing data.

X ply prog P y p g expe g lyzing
Software Documentation TRIOS software delivers a whole new experiment experience.
e~ N "
(/;2 What's New in TRIOS Software Before beginning, read our Notices and TA Instruments End-User License Agreement located in the TA Manual Supplement. Find out what What's New in TRIOS Software by clicking

TA



Web Based e-Training Courses

Web based e-Training Courses

TA Instruments offers a variety of training opportunities via the Internet. e-Training opportunities include the following:

QUICKSTART e-TRAINING COURSES

QuickStart e-Training courses are designed to teach a new user how to set up and run samples on their analyzers. These
60-90 minute courses are available whenever you are. These pre-recorded courses are available to anyone at no charge.,
Typically these courses should be attended shortly after installation.

https://www.tainstruments.com/training/e-training-courses/

ARES G2 Discovery HR TRIOS Software

@ TRIOS QuickStart Guide - Basic Data Analysis Applications in Rheology

TRIOS

Quick Start e-Training Course
ARES-G2 Rheometer

Basic Data Analysis
Applications in Rheology

QUICKSTART

TA



Practical Series Training Course

https://www.tainstruments.com/practical-series-training-courses/

7~
( T Products .  Videos .  Support. QIR News & Events .  Sales Promos Careers . AboutTA.  Contact.

Instruments

Practical Series — Training Courses

Sign up or log in for our free, on-demand practical series training courses here

oo

PRACTICAL
APPROACH

THERMAL
ANALYSIS

A Practical Approach to Thermal
Analysis — Thermogravimetry

THERMAL
ANALYSIS

A Practical Approach to Thermal
Analysis - Differential Scanning
Calorimetry

A Practical Approach to Rheology A Practical Approach to
Microcalorimetry

&
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TA Webinars - Rheology

https://www.tainstruments.com/support/webinars/

View all Electroforce Dilatometry Microcalorimetry Rheology Rubber Thermal Analysis

Interfacial Rheology: Designing New Strategies for An Introduction To High
Fundamental Overview Materials for Additive Rheological Evaluation Pressure Rheology
and Applications Manufacturing: Vat of Adhesives

Photopolymerization

Randy H. Ewoldt: Norman J. Wagner: An Professor Jodo Mala: Neil Cunningham:
Experimental Introduction to The Role of Interfacial Essential tools for the
Challenges of Shear Colloidal Suspension Elasticity on the new Rheologist
Rheology, How to Avoid Rheology Rheological Behavior
Bad Data of Polymer Blends

TAWEBINARS o : TAWEBINARS
Extensional Rheology An Introduction to Rheo-Microscopy: Extensional Rheology &
in Polymer Processing Tribo-Rheometry: Bridging Rheology, Analytics of Material
Quantifying Friction Microstructure & Characterization
Dvnamics
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Tech Tips

Installation & Shear Sandwich Clamp Three Point Bend Installation and
c of the & Clamp Installation &  Calibration for the UV
Relative Humidity Calibration for the c for the ry on the Ares
Accessory for the Discovery DMA 850 DMA850 G2 Rheometer
Discovery Hybrid

Rheometer
| TatechTips

single Cantilever Dual Cantilever Loading the Powder

Installation & Installation & Clamp on the Q800

Linear Film Tension
Clamp for DMA using
the ARES-G2

Calibration - DMA 850  Calibration - DMA 850 DMA with 35mm Dual

Cantilever Clamp

L

TA
T P Techips
Frequency Sweep Improving Structured  Measuring Thixotropy ~ The Double Wall Ring &
Tests for RPA Flex and  Fluid Measurements w/ Of A Sample- TA Interfacial
RPA Elite Pre-Shearing TechTips Measurements - TA

Applications Notes Library

Applications Notes Library

Our instruments are used in a variety of products, in multiple industries. The application notes below provide more detail

on specific potential applications. You can search for specific app notes with the search field.

rheology]|

Title Product Category ~ Refit Link

Hot Melt Adnesives Rneology AANOO1 Downioad Note

Generating Mastercurves Rheology AANOOSE Download Note

Analytical Rheology Rheology AANOOSE Download Note

Normal Stresses in Shear Flow Rheology AANOO7e Download Note
gein Komplexer Po Rheology AANDO8d Downiload Note

Mixing Rules for Complex Polymer Systems Rneology AANOOBE Downioad Note

Application of Rheology of Polymers Rneology AANOOS Downioad Note

Synergy of the Combined Application of Thermal Rneology AAND10e Download Note

Analysis and Rheology Monitoring and Characterizing
Changing Processes in Materials

TA Website — Other Resources

Seminar Series: Instant Insights

Seminars:

Thermal Analysis and Rheology

Medical Device and Biomaterials Testing

Elastomers and Rubber Compounds

TRIOS AutoPilot & TRIOS Guardian

Thermal, Rheological and Mechanical Characterizations of Thermoset
Tianhong (Terri) Chen, Ph.D.

Thermosetting materials, such as epoxy, have been widely applied in many areas
including automotive, aerospace and electronics industries in the form of surface
coating, structural adhesives, advanced composites and packaging materials.

Advancements in the Characterization of Pharmaceuticals by DSC
Jason Saienga, Ph.D.

Differential Scanning Calorimetry is a simple, yet powerful technique to gain a broad
understanding of the characteristics of pharmaceutical materials, from the crystalline
structure that exists to the compatibility of a specific formulation.

Steady State & Flash Methods for Thermal Diffusivity and Thermal
Conductivity Determination

Justin Wynn

In this presentation we will demonstrate accurate and high-throughput methods to
measure the critical heat transfer properties of thermal diffusivity and thermal
conductivity

View Archive
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« For additional questions:
* Email rheologysupport@tainstruments.com
* Please put Online Training Questions in the subject line

* You can download this presentation from:
e https://www.tainstruments.com/online-training-course-downloads/
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