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Rheology: An Introduction
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Rheology: The study of the flow and deformation of matter.
Rheological behavior affects every aspect of our lives.
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Rheology: The study of the flow and deformation of matter
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Flow: Fluid Behavior; Viscous Nature

ook

F = F(v); F = F(x)
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Deformation: Solid Behavior
Elastic Nature

F = F(x); F = F(v)

—_— F Maxwell

—_— F Kelvin,
Voigt

Viscoelastic Materials: Force
depends on both Deformation and
Rate of Deformation and vice versa.
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Basic Material Behaviors
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FEAmmA

Viscous Liquids
Stress

Viscosity = ———
y Strain Rate

Ceramic

Egg Polymer

Flow & Deformation

Deformation
4

Elastic Solids

Viscoelastic
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Rheological Testing - Rotational

> 2 Basic Rheological Methods

1. Apply Force (Torque)and
measure Deformation and/or
Deformation Rate (Angular
Displacement, Angular Velocity) -
Controlled Force, Controlled

Stress

Angular Velocity,
Shear Rate

T
104

Torque, Shear Stress

10°

2. Control Deformation and/or 108
Deformation Rate and measure

Force

Displacement or Rotation,
Controlled Strain or Shear Rate)

102

needed (Controlled
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T
10 10°
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Steady Simple Shear Flow

Top Plate Velocity = V; Area = A; Force = F

A

e

L
|

y‘ Bottom Plate
X > | velecity =0

vy = (yH)*V,
y=dv/dy=V/H Shear Rate, sec’!
o=F/A Shear Stress, Pascals
n=oly Viscosity, Pa-sec

»These are the fundamental flow parameters. Shear rate is

always a change in velocity with respect to distance.

N
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Parallel Plate Shear Flow

e ——

Stress o Force or torque

Strain Y Linear or angular displacement

Strain ¥y Linear or angular velocity
Rate

N
7
SHEAR RATE CALCULATIONS IN EXTRUSION
Extruder: y = nDN/(60*h)
D = Diameter; N = rpm; h = gap
. . Q = Output rate;
Circular, Rod: y = 32Q/(nD?) E D orifioe diameter
compounding, cable
Rectangular, Slit: y = 6Q/(wh?) Q = Output rate;
cast film, sheet [r— ‘,',v:;\:sth
Annulus: y = 12Q/(n(D1+D2)h?) Q = Output rate;
D1 = Inner diameter
blown film, blow molding D2 = Outer diameter
h = gap
N
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Representative Flow Curve

1 .E+05 E
i Newtonian Pseudoplastic
I Region Behavior
S 1.E+04 + 7
8 E _ / 0 < n <1 (Newtonian)
Clc B :
(=W 1.E+03 E _ Transition Power Law
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Idealized Flow Curve
Often we try to correlate our rheology data
with actual applications.
However, differences between similar
materials are accentuated at the low shear
1) Sedimentation rates, where rotational rheometers excel.
g; Bf;’ﬁ:::g’ fr;gegr'"?av“ So, even if one does not get to high shear
= 4) Chewing and sv?allow%ng rates, the rheology data are still useful.
87 5) Dip coating
- 6) Mixing and stirring
7) Pipe flow
8) Spraying and brushing
9) Rubbing
10) Milling pigments in fluid base
11) High Speed coating
5
6 8
[ " ;
1.00E-5  1.00E-4 1.00E3 00100 0.100 1.00 10.00 10000 100000  1.00E4 1.00E5  1.00E6
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Simple Shear Deformation

Top Plate Displacement = X; Area = A; Force = F
]

-

H
YI Bottom Plate
x| T |
Displacement = 0

x = (yH)*X,

Y=dx,/dy =Xy /H  Shear Strain, unitless

o=F/A Shear Stress, Pascals

G=oly Modulus, Pa

»These are the fundamental deformation parameters. Shear strain
is always a change in displacement with respect to distance.

ac)
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Stress Relaxation

Stress Relaxation of Soy Flour, Overlay

10°

« Instantaneous Strain
* Note the decrease in
the modulus as a
function of time.

G(t) (—=—)
[Pa]
3

F
f

G(Y)
—a— T=20C
—a— T=30C
—a— T=40C
—a— T=50C

time [s]
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Rheological Parameters

| FLUIDS TESTING |
Parameter Shear Elongation Units
Rate ? 8. Seconds™
Stress o T Pascals
Viscosity Tl = 0‘/‘? ’I]E = ’C/é Pascal-seconds
| SOLIDS TESTING |
Parameter Shear Elongation Units

Strain Y € Unitless

Stress lo} T Pascals

Modulus G(t) =oly E =1/¢ Pascals

N
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Rheological Parameters
CREEP TESTING |
Parameter Shear Elongation Units
Stress G T Pascals
Strain Y € Unitless
Compliance J= Y /o D=¢/t 1/Pascals
N
14
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Creep Testing

Compliance (1/Pa) 4

3x10°3

Stress is held constant.
Strain is the measured variable.
Compliance = Strain/Stress

2x10° +

1x10 2 4

0x10° 4

Analysis: Straight line

a: y-intercept: 5.80935e-4
b: slope: 8 95988e-5
Viscoelastic

R# 0.999849

-& HDPE

Fluid

Solid

5 10
Step time (min)

15 20

Viscosity = 1/Stress is held constant.
Strain is Slope in steady flow regime.
Intercept = non-recoverable Compliance

ac)
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Geometry Options

Concentric Cone and Parallel Torsion
Cylinders Plate Plate Rectangular

Very Low Very Low Very Low ;
to Medigm to High Viscosity Solids
Viscosity Viscosity to Soft Solids

Water » to » Steel
(@ ‘ TAINSTRUMENTS.COM
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Converting Machine to Rheological Parameters in Rotational Rheometry

Machine Parameters
MxKs; O N Torgue
j— — 77 Q : Angular Velocity
\g @: Angular Displacement

QXK?’ 7/ Conversion Factors

K, : Stress Conversion Factor
K},: Strain (Rate) Conversion Factor

M .x & G Rheological Parameters

( ! : Shear Stress (Pa)
: Viscosity (Pa-sec)

E)

e

: Shear Rate (sec!)
n
Hx 7 : Shear Strain
G : Shear Modulus (Pa)
The conversion factors, K, and K,, will depend on the following:
Geometry of the system — concentric cylinder, cone and plate,

parallel plate, and torsion rectangular
Dimensions - gap, cone angle, diameter, thickness, etc.

N

‘ TAINSTRUMENTS.COM
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Shear Rate and Shear Stress Calculations

Geometry
Couette Cone & Plate Parallel Plates
Conversion
Factor
K, Ravg/(Ro-R) 1/B R/h
Ks 1/(2*7R2L) 3/(2nR3) 2/(nR3)
N
19
Choosing a Geometry Size
% I
¢ TTIw
= Assess the ‘viscosity’ of your sample
= When a variety of cones and plates are available, select diameter
appropriate for viscosity of sample
= Low viscosity (milk) - 60mm geometry
= Medium viscosity (honey) - 40mm geometry
= High viscosity (caramel) — 20 or 25mm geometry
= Examine data in terms of absolute instrument variables
torque/displacement/speed and modify geometry choice to move
into optimum working range
= You may need to reconsider your selection after the first run!
N
20
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Geometry Options

= With the variety of cones, plates, cups and rotors available, select a geometry
based on desired experimental parameters and the material properties

Cones and Plates L " dJ‘:—“ ‘@

No Solvent Trap With Solvent  With Solvent Trap

Smooth, Sandblasted, and Cross hatched
Concentric

F
Cylinders or Cups) i 7 x § = J;
Rotors (or Bobs) i ﬁ i ﬂ t

aa)

TA
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When to use Cone and Plate

= Very Low to High Viscosity Liquids
= High Shear Rate measurements

= Normal Stress Growth
= Unfilled Samples

= |sothermal Tests

= Small Sample Volume

aa)

TA
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Shear Rate is Normalized across a Cone

= The cone shape produces a smaller gap height closer to the
inside, so the shear on the sample is constant

Z =

dx
y = T hincreases proportionally to dx, yis uniform
(—lﬁ—jA ‘ TAINSTRUMENTS.COM
23
Cone Diameters
4 N\
Shear Stress
N
20 mm
40 mm %
eomm %
G J
3
As diameter decreases, shear stress increases g = M 3
21T
(-lﬁ—jA ‘ TAINSTRUMENTS.COM
24
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Cone Angles

4 A

Shear Rate
2° é

Increases
e _é_
05° _é_ M

L J
. 1
As cone angle decreases, shear rate increases ) = Q E
(@ ‘ TAINSTRUMENTS.COM
25
Limitations of Cone and Plate
Typical Truncation Heights:
1° degree ~ 20 - 30 microns
2° degrees ~ 60 microns
4° degrees ~ 120 microns
Cone & Plate Truncation Height = Gap
Gap must be > or = 10 [particle size]!!
(/T\-/Q ‘ TAINSTRUMENTS.COM
26
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Correct Sample Loading

x Under Filled sample:
Lower torque contribution

x Over Filled sample:

e Additional stress from

drag along the edges

&——=n  ~ CorrectFilling

\. J

=
(TA ‘ TAINSTRUMENTS.COM
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When to use Parallel Plates

= Low/Medium/High Viscosity = Samples with long relaxation time
Liquids = Temperature Ramps/ Sweeps
= Soft Solids/Gels = Materials that may slip

= Thermosetting materials
= Samples with large particles

" Crosshatched or Sandblasted plates

= Small sample volume

~
(TA ‘ TAINSTRUMENTS.COM
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Plate Diameters

( N
Shear Stress
N
20 mm
40 mm A
60 mm I:]—
. J
2
As diameter decreases, shear stress increases O — M —
2
nr
N
29
Plate Gaps
(" A
Shear
Rate
2 mm & Increases
1 mm &
0.5mm _h AR
\_ _/
. T
As gap height decreases, shear rate increases ) — Q E
N
30
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Effective Shear Rate varies across a Parallel Plate

= For a given angle of deformation, there is a greater arc of
deformation at the edge of the plate than at the center

. =

_ g dx increases further from the center,
V= h h stays constant

ac)

TA
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When to Use Concentric Cylinders

= Low to Medium Viscosity Liquids

= Unstable Dispersions and Slurries
= Minimize Effects of Evaporation

= Weakly Structured Samples (Vane)
= High Shear Rates

ac)

TA
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Peltier Concentric Cylinders

Helical (rad= 17 mm)

Double Gap DIN Rotor &
Rotor & Cup Standard Cup

Starch Pasting
Impeller & Cup

Helical Rofor & Cup Vane Rotor
‘Grooved Cup

Concentric Cylinder Cup and Rotor Compatibility Chart

&

Cup/Rotor DIN | Recessed Starch | Vane Wide Gap | Double | Helical
End Impeller Vane Gap Rotor

Standard (rad= 15 mm) ° ° ° °

Large Diameter (rad= 22 mm) ° ° ° . °

Starch (rad=18.5 mm) ° ° ° ° [

Grooved ° o

Double Gap 0

TA
33
e ° 0
Geometry Information - Estimated Min and Max Shear Rates
" . Sample Max Shear Rate Min Shear Rate
Geometry Diameter (mm) Degree Gap (micron) [y rox) 1/s approx) 1/s
0 1000 0.05 1.20E+03 4.00E-07
0 500 0.03
8 05 18 1.17E-03
1 28 2.34E-03
2 52 4.68E-03
4 104 9.37E-03
0 1000 0.31 3.00E+03 1.00E-06
05 18 0.02 3.44E+04 1.15E-05
20 1 28 0.04 1.72E+04 5.73E-06
2 52 0.07 8.60E+03 2.87E-06
4 104 0.15 4.30E+03 1.43E-06
0 1000 0.49 3.75E+03 1.25E-06
Parallel Plate 0.5 18 0.04
and Cone and 25 1 28 0.07
Plate 2 52 0.14
4 104 0.29
0 1000 1.26 6.00E+03 2.00E-06
05 18 0.15 3.44E+04 1.15E-05
40 1 28 0.29 1.72E+04 5.73E-06
2 52 0.59 8.60E+03 2.87E-06
4 104 147 4.30E+03 1.43E-06
0 1000 2.83 9.00E+03 3.00E-06
0 500 1.41
60 0.5 18 0.49 3.44E+04 1.15E-05
1 28 0.99 1.72E+04 5.73E-06
2 52 1.97 8.60E+03 2.87E-06
4 104 3.95 4.30E+03 1.43E-06
Conical Din Rotor 19.6 4.36E+03 1.45E-06
. Recessed End 6.65 4.36E+03 1.45E-06
Cylinder Double Wall 11.65 1.50E+04 5.31E-06
Pressure Cell 9.5
Standard Vane 28.72
N
TA
34
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Torsion Rectangular

t
Ky = ————""75
1[1-0378(%)°] w = Width
| = Length
. t = Thickness
_B+%)
fowetd)
S Advantages: Disadvantages:

= High modulus samples = No pure Torsion mode for
= Small temperature high strains
gradient

= Simple to prepare

Torsion cylindrical also available

N
(TA ‘ TAINSTRUMENTS.COM
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Torsion and DMA Measurements

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

= Torsion measures G, G”, and Tan &

= DMA measures E’, E”, and Tan 6
= ARES G2 DMA is standard function (50 um amplitude)
= DMA is an optional DHR function (100 ym amplitude)

Rectangular and

DMA 3-point bending and tension
cylindrical torsion

(cantilever not shown)

N
(TA ‘ TAINSTRUMENTS.COM
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Examples for Common Configurations

Geometry Examples

Concentric Cylinder

Coatings

Beverages

Slurries (vane rotor option)
Starch pasting

Cone and Plate

Low viscosity fluids

Viscosity standards

Sparse materials

Polymer melts in steady shear

Parallel Plate

Widest range of materials

Adhesives Polymer melts
Hydrogels Asphalt
Curing of thermosetting materials
Foods Cosmetics

Torsion Rectangular

Thermoplastic solids
Thermoset solids

€N
TA
Geometry Overview
Geometry Application Advantage Disadvantage
Cone/plate fluids, melts true viscosities temperature ramp difficult
viscosity > 10mPas
Parallel Plate fluids, melts easy handling, shear gradient across
viscosity > 10mPas temperature ramp sample
Couette low viscosity samples high shear rate large sample volume
<10 mPas
Double Wall Couette very low viscosity high shear rate cleaning difficult
samples < TmPas
Torsion Rectangular solid polymers, glassy to rubbery Limited by sample stiffness
composites state
Solid polymers, films, |  Glassy to rubbery Limited by sample stiffness
DMA e HEE (Oscillation and
P stress/strain)
€N
TA
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Geometry Size Selection

*DHR

=Most common is 40-mm parallel plate; 1000 micron gap

= Use 60-mm cone and plate and parallel plate for low viscosity materials, say, up
to 100 mPa-sec, but 40-mm geometries can often handle these materials too.

=20-mm plates are often used at higher viscosities.

=25-mm parallel plates are the preferred choice for polymer melts.

=40-mm 2-degree is the most common cone geometry. This is often used to
verify an instrument with a viscosity standard.

=8-mm plates are often used for pressure sensitive adhesives and for asphalt
around room temperature.

* ARES-G2

= The most common geometry on the ARES-G2 is the 25-mm parallel plate.
Examples would be polymer melts and thermosetting materials.

= Low viscosity fluids are run with 50-mm plates or cone-and-plate.
= Again, 8-mm plates are used for adhesives and asphalt at room temperature.

R
39
TEST METHODS
UNIDIRECTIONAL
R
40
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Rheological Methods — Unidirectional Testing

= Flow
= Stress/Rate Ramp
= Stress/Rate Sweep

= Time sweep/Peak Hold/Stress
Growth

= Temperature Ramp
= Creep (constant stress)

= Stress Relaxation (constant
strain)

|

i

ﬂmp

Time

Sweep

Stress, Shear Rate

TA
A 1: Flow Ramp A 2:Flow Ramp
rE Contral rEnvi Control
Temperature 25 °C [ Inheit Set Point Temperature 25 °C [~ Inherit Set Point
Soak Time 00:02:00 hh:mim:ss [ Wait For Temperature Soak Time 00:00:00 hh:mm:ss [~ Wait For Temperaiure
Test Parameters Test Parameters.
Duration 00-01:40 hhmm:ss Duration 00:01:40 hh:mm:ss
Mode @ Linear log Mode ( Linear € Log
Inital shea rate 00 tofinal | 1000 1Is j I'mﬁﬂl shear rale 1000 tofinal 0.0 1Is j
[ Inherit initial value [ Inherit initial value
[~ Inherit duration I Inherit duration
ISampIing interval 10 slpt j ISamleng interval 10 sipt j
w Controlled Rate Advanced v Controlled Rate Advanced
4 Data acquisition A Data acquisition
End of step End of step
’7Mﬂinlﬂin final torquefvelocity v ’729“:’ velocily—v‘
N
TA
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Thixotropy: Up & Down Flow Curves
Toothpaste loop
600
400 -
<
©
e,
2 g _r,_/"( thixotropy: 600.997 Pal/s
“ 200- e
Vs
e The area between the curves is an
indication of the thixotropic nature of
the material.
0 ‘ ‘ ‘ . |
0 2 4 6 8 10
Shear rate (1/s)
TR

Rate Ramp
Toothpaste
10°
»
I\
S
> 1024
£ ]
3
2
S
Same data as those from previous slide,
but viscosity is plotted against shear rate.
101 . —— 7 .
10 10° 10"
Shear rate (1/s)
TR
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Stress Ramp for Yield Stress Determination

A 1: Flow Ramp

- Control
Temperature 25 c [ Inherit Set Point
Soak Time 00:02:00 hh:mm:ss [ Wait For Temperature

Test Parameters

Duration 000140 hh:mm:ss
Mode @ Linear CLog
Ilnmal stress 00 tofinal [10.0 Pa j

[ Inherit inital value
I Inherit duration

| Sampling interval 10 sipt j

v Controlled Stress Advanced

A Data acquisition
End of step
’VIZem velacity =
I Save image

A~ Step termination

Limit checking
[7 Enabled

Teminate step when

IShsar rate (1fs) =l = [wo 1Is

ac)

TA
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Stress Ramp with Yield

250.0

225.0 4

B In this case, the yield point
200.0 was about 135 Pa.

5 175.0-

g —
% 150.0 —

125.0 4
100.0 -
75.00 -

50.00
25.00

shear stres

0 L L L LU L U U L R I

0 0.1000 0.2000 0.3000 0.4000 0.5000
shear rate (1/s)

TA
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Ramp Selection

» Do a ramp as a preliminary scouting test, prior to the more fundamentally sound rate or stress
sweep.

- For rate ramps, a common acceleration rate is 1 sec™' per second. For example, 0 to 100 sec’
in 100 seconds. This is a starting point. The operator can select a rate or a range that is more
appropriate for the sample in question.

« Ramp up/Ramp down tests are common for determining thixotropy. The area between the up
and down curves is often reported as a thixotropy parameter.

« There have been times when the reproducibility is better with the down curve than it is with the
up curve.

» Ramps are good for characterizing materials that may slip or exude from the gap as the shear
rate is increased. Often one can get to higher shear rates with ramps than with sweeps because
one doesn’t dwell at the high rates as long.

- Stress ramps are often used to get the yield point of a material. Sometimes these are not always
clear-cut. Also, one has to be cautious when working with models. There have been instances
where negative (!?) yield stresses are determined by software for the selected model.

« For stress ramps, use the Step Termination feature to prevent over-speed.

TA
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Steady State Flow Test

A 1: Flow Sweep

r— Environmental Cantral
Temperature 25 C [~ Inherit Set Point
Soak Time 00:02:00 hh:mm:ss [w Wait For Temperature

 Test Parameters

ILugﬁrilhmic sweep ;I

Shear rate 01 to |100.0 M‘sj

Points per decade 5

[V Steady state sensing

Max. equilibration time 00:01:00 hh:mmss
Sample period 00:00:05 hh:mm:ss
% tolerance 50

Caonsecutive within 3

[~ Scaled time average

ac)

TA
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Rate Sweeps - Polymer Melt Flow Curves

1.LE+06 €
> i Williamson Model
@ IH‘H\.\‘\ n = o/(1+(c¥)°)
é LE+05 Cone and
z Plate
i)
S LE+04
&
>
1.E+03 \\\\\\{ \\\\\\{ L1111l
0.01 0.1 1 10
Shear Rate (1/sec) Steady testing
with cone and
plate and
’+ Mw = 400,000 <+ Mw = 250,000 = Mw = 160,000| | araliel plate
geometries is
The shear rate and shear stress are constant throughout the gap with the often limited to
-and-pl .
;(;::Ilae?plgt:t:aazcg:ﬁtx corrected with the Rabinowitsch correction. low shear rates.
N
49
Structured fluids
Structured fluids are mostly colloidal dispersions and can be
classified into three categories.
=Suspension Solid particles in a Newtonian fluid
=Emulsion Fluid droplets in a Newtonian fluid
*Foam Gas in a fluid (or solid)
*Examples: = Properties:
= Paints = Yield Stress
: l(%(})gtlngs = Non-Newtonian Viscous
= Personal Care Products Belhawor
= Cosmetics * Thixotropy
= Foods = Elasticity
N
50
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Steady State Flow at 25 C - Coatings

103 -
' ] — Sample 1
— Sample 2
102 — Sample 3
— Sample 4
o — Sample 5
- i
o 107
o :
=
4 | These are rate sweeps.
Equilibration occurs at each point.
T | Concentric Cylinder geometry
10-1 S X LAY ' e o s e o | ' e
10-2 101 100 101 102 103
y (1/s)
N
51
Viscosity curve of various structured fluids
Viscosity curves of various materials
10' -
SAINATAAN
S o Pobibponn —0O—starch
10°3 N —0— peanut oil
& o P —4-0.05% poly-
© 1P R acrylamide solution
€10 o,y v syrup
= gy & Cocoa butter lotion
>10'7 o —<— Shower gel
'g % jk —P>— Co-polymer 240 °C
3 10°5 s
> %m‘zvmqy% M
2 T T T T T T
1E-3  0.01 0.1 1 10 100 1000 10000
Shear rate y[1/s]
Viscosity function of various structured fluids
N
52
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Viscous response of suspensions

4/2/2019
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10°4 0.50% \ Polystyrene-ethylacrylate
] \ latex particles in water
| ]
0.47%
103 . ’
E n
@ 3 \
& 10°5 3 . R-244
— E 'o L] A
< 0.43% . W
= 1| [ B r— % A LA
8105 -\‘ ".\.‘1A e
2 e mmmw AT wewm
ot A
>.02] coooma T pasapat 0.34%
1074 ©76~0- OQQ)%MAAL«E!MIIIII 0.28%
RN e 8- "0./ 0.18%
B - — — —  0.09%
1077 ——- - T e water
T T T ™

T Ak BELELALLLL B | hRALL BELELELALLL LA AR B
10* 10* 10® 10" 10° 10" 10° 10° 10* 10°
Laun (1984,1988)
Shear Stress t [Pa]

Rheological parameters of interest:Yield stress, viscosity, time dependence, linear viscoelasticity |

| H.M. Laun Angew. Makromol. Chem. 335, 124 (1984) |

ac)
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Normal Force Measurements with Cone & Plate

Normal Stress Difference:

In steady flow, polymeric materials can exert
a force that tries to separate the cone and the
plate.

A parameter to measure this is the Normal
Stress Difference, N1, which equals
Oy~ Oy, from the Stress Tensor.

* N1 =2F/(nR?), where F is the measured
force.

e W, =N1/y? This is the primary normal
stress coefficient.

ac)

TA
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Effect of HDPE Variations in Blow Molding

Blow Molding Polyethylene

10° 4 {10t o
© Sample
@ &, | Parameter
& 10° 10° = M-1 M-2
= >
= € MFI 0.6 0.5
£ 10" o 100 2
%‘ % GPC-My, 131K 133K
3 Q
2 10° i -1 10° 4 Viscosity 8.4K 8.3K
Z () M-2 ¢ |at1sect
3 (y) M-1 CP =
o} v @ -
% 10°4 Ey; ? 8P | 0 E Die Swell 28 42
Y apillary =
—O—n(y) M-2 Capillary 2
10’ T T T 10
0.1 1 10

Shear rate y [1/s]
No differences in MFI, Viscosity, or GPC!

M-2 produces heavier bottles in blow molding
due to increased parison swell

N
55
o
Water at 25°C - Secondary Flow
0.010 &
\
0_009_\ 4 40mm PP 1mm Water
\ = 40mm 2 Deg Cone Water
0.008 -| « DIN CC Water
~=40mm 2 Deg Cone N1 Qil
0.007 4
- \ Surface tension at low torques
© 0.006 \
LS
i 0.005 Secondary flows at high shear rates
A‘g';
2 0004
2
0.003
0.002 1
0.001
0.000 - - : T
102 10 100 10" 102 10°
Shearrate y (1/s)
N
56
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Wall Slip

1.0E7

1.0E6

1.0E5

S 10000
3
z
3
2 1000
>
100.0
100

Yield Stress Measurements on Toothpaste

== Smooth plate

== Crosshatched plate

Ty:] 05 Pa

100

100 1000

Sandblashed
Shear Stress (Pa)

Wall slip can manifest as “apparent double yielding”
Can be tested by running the same test at different gaps
For samples that don't slip, the results will be independent of the gap

=
(TA ‘ TAINSTRUMENTS.COM
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Shear Thinning or Sample Instability?
107 104
107 4
- 102
1074
S 401 . | b o
z When Stress Decreases with 5
§ Shear Rate, it indicates that £
- sample is leaving the gap
|- 10°
10
104 . : 100
10+ 102 102 104
Shear rate y (1/s)
(@ ‘ TAINSTRUMENTS.COM
58
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Rate and Stress Sweeps

- Sweeps are preferable to ramps because the material is
given a chance to equilibrate at a particular shear rate or
stress.

» These are useful tests to see how materials will perform in
flow, such as transporting fluid through pipes and tubing,
after structure has been broken.

» The most common rate range is 0.1 to 100 1/sec, 5 points
per logarithmic decade.

» The Steady State sensing feature is a useful tool to
perform valid rate or stress sweeps in the shortest amount
of time.

» For materials that exhibit flow instability, the ramp may be
preferable. With sweeps, the material is exposed to high
shear rates for prolonged periods, whereas, with ramps,
the dwell time at a particular rate is shorter.

N
TA
Stress Relaxation
A 1: Step (Transient) Stress Relaxation
r— Enviranmental Contral
Temperature 25 *C [~ Inherit Set Point
Soak Time 00-:02:00 hh:mm:ss [ Wait For Temperature
Test Parameters
Duration 00-01-40 hh:mim:ss
% Strain 0.1 % j
™ Steady state sensing
A Advanced
Strain rise time | 0.01 s
» Data acquisition
[~ Save image
¥ Fast sampling
N
TA

30



Stress Relaxation
108
] PDMS
©
e,
w
2
3
3
= Stress relaxation is another unidirectional way of
getting viscoelastic properties.
102 10-2 10 10° 101
Step time (min)
N
61

Creep and Recovery

A 1: Step (Transient) Creep

A 2: Step (Transient) Creep

A Data acquisifion
[ Saveimage
[ Fast sampling

rEnvi Contral ~Enviranmental Control

Temperature 2% C [ Inherit Set Paint Temperature pi) C [ Inherit Set Point
Soak Time 00:02:00 hih:mm:ss [V Wait For Temperature Soak Time 100200 hbvmmss [ Wait For Temperature

Test Parameters Test Parameters

Duration 00:01:40 fih:mm:ss Duration 00:01:40 hhimm:ss

Stress 100 Pa j ISlms 0.0 Pa j
[~ Steady stale sensing [V Creepbraking

[ Steady state sensing

TA

62
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Creep Testing on US and UK Paints

US/UK PAINTS - CREEP

0.8 Creep and recovery can be
done on both DHR and
ARES rheometers

US OIL-BASE

o
o
I

UK OIL-BASE

Creep is a unidirectional way of getting viscoelasticity.

It is often followed by creep recovery.

Creep answers the question of how much deformation to
expect when a material is subjected to a constant stress,
such as gravity.

Compliance (m?/N)
[=]
'
|

0.2 1
UK WATER-BASE
\ —~ US WATER-BASE
0.0 7 T T T
0 100 200 300 400
Time (s)
N
63
(] L] o
Creep Testing for Zero Shear Viscosity
8x10°
— PE Blue curve
— PE Green curve
6x102 4 a: y-intercept: 1.86010e-3
< b: slope: 1.55770e-6
B Viscosity = 6.42e5 Pa-sec
a a: y-intercept: 1.37996e-3
= b: slope: 7.86877e-7
8 4x107 Viscosity = 1.27e6 Pa-sec /A
.g g i
= . /,.*,-‘i"/
E e
o By
(8]
2x10°% 4
ox10° - : : : T T : 2 . T T T T T T : : : -
0 1000 2000 3000 4000
Step time (s)
N
64
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Flow Temperature Ramp - Printing Inks

1,000

Room

100

M
@ £
o [
] [
a [
> L
]
o
b
=~ 10 E —
[ Printing Press
L Temperature
T S S S T S S
20 25 30 35 40 45 50
Temperatue (C)
N
TA
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Tack Testing
2.5
204N -4 30 microns/sec
20 ’ 4 100 micronsisec
< ] The heads ofthe DHR and ARES-G2 can ascend or
= 15 descend to measure axial properties
£
@
15
8 i
T 1.0 :
x
: ] w&%ﬁ
AR —!h
] LS
0,57 By
k|
] A
00— F—+——+—7— ,,,LA.
0 5000 10000 15000 20000 25000 30000
Gap (micro m)
N
TA
66
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TEST METHODS
DYNAMIC TESTING

TA
67
Dynamic Testing
I~ STRAIN
: :
a || ELASTIC
g RESPONSE
g [ VISCOUS
g RESPONSE I—i:—|
VISCOELASTIC
RESPONSE
&)
Polymers are viscoelastic materials. Time §
Both components — viscosity and e
elasticity — are important. &
N
68
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Dynamic Rheological Parameters

Parameter Shear Elongation Units
Strain Y = Yo sin(wt) € = g, sin(wt) -
Stress 6 = opsin(wt + ) T = esin(wt + d) Pa

Storage Modulus
G’ = (o, 1] E’ = (ty/ 1] Pa
(Elasticity) (Gy/Yolcos (w/Eg)cos
Loss Modulus
G” = (0,/yo)sind E” = (14/€,)SiNd Pa
(Viscous Nature) (Gu/¥o)sin (w/Eg)sin
Tan & G”/G’ E”/E’
Complex Modulus G* = (G’2+G™2)05 E* = (E'2+4E"2)05 Pa
Complex Viscosity n* = G'w ne* = E'w Pa-sec

Cox-Merz Rule for Linear Polymers: N*(®) =1n(}) @ y=

ac)

TA
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Rheological Methods — Dynamic Oscillatory Testing

= Dynamic Strain Sweep/Dynamic Stress Sweep
= Isothermal Dynamic Time Sweep

= [sothermal Dynamic Frequency Sweep

= Dynamic Temperature Ramp

= Dynamic Temperature Sweep at 1 or Multiple
Frequencies.

70
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Dynamic Stress Sweep

A 1: Oscillation Amplitude

— Envit Control
Temperature 25 “C [ Inherit Set Paint
Soak Time 00:02:00 hh:mm:ss [ Wait For Temperature
~ Test P
|Fnaqu5m:y 10 Hz j
|Lagarithmic sweep |
Tarque 0.01 to | 10000.0 uN.m j
Paints per decade 5

<

Ceoniralled Stress Advanced

v Data acquisition

<

Ceontralled flow

A Step termination

Limit checking
[ Enabled

Terminate step when

IOiclllallun strain (%) j I >

][00 %

ac)

TA
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Linear Viscoelasticity

104 - Linear Region:

1+ G’, G” are constant.

| + Osc Stress is linear with Strain.

- 100

G" (Pa) B

Ve

)

_| Stress v. Strain

G (Pa) &

This is typically the first test
done on unknown materials.

10

Non-Linear Region
G’ =f(y)

End of LVR or
Critical Strain v, L

L[ A —
0.1 1

It is preferable to perform testing in the
linear region because you are measuring
intrinsic properties of the material, not
material that has been altered.

10 100

ac)

TA

- (wnr) 5

72
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Stability is Related to Structure in Inks

Ink Samples: Oscillation Stress Sweeps @ 6.28 rad/s

A 5% drop from the modulus in

10000 E DHR Testing the Linear Region is considered
R being in the Non-Linear Region
1 GO OO OO OO OO0 oo
1 [Ep=E=R=E=N=S=RoE =N =N_ T
PRKAKHKx
1000 ™
= ]
. ]
o
100.0 - E\S“\E.x;*
E \\
] S
) This is the most reproducible way of
determining a yield stress.
10-00 T T T T T T T T L L L | T T T T T T T T
0.1000 1.000 10.00 100.0
osc. stress (Pa) =
N
73
Dynamic Time Sweep: Material Response
1.000E7 4 =1.000E7
B PDMS F
1.000E6 —| =1.000E6
E The material is stable in | £
E this time range. F
© | i Q
2 1.000E5 ©  E1.000E5 5
0] E = o
] 6-—o0 o o o o o o o o o o C
10000 =10000
1000 H\HHH‘HH\HH‘HHH\H‘HHH\H‘H\HHH‘HH\HH‘HHH\H 1000
0 5.0000 15.000 25.000 35.000
time (s)
N
74
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Dynamic Time Sweep for Curing

A~

1: Conditioning Options A 2: Oscillation Time
— Audal force r~ Envi Control
Mode W Temperature 25 °C [ Inherit Set Paint
Soak Time 00:00:00 hh:mm:ss [ Wait For Temperature
@ Tension " Compression
Axial force 00 N |7 Setinitial value - Test P
Duration 00:16:40 hh:mmss
Sensitivity 02 N
Sampling interval 100 s/pt e
A Advanced —
Strain % 0.1 % 7
Gap change limit up 500.0 um I
Gap change limit down 500.0 um ISmgle point =l
@ Retuntowindow  ( Return to initial value IFrequem:y 10 He j

[~ Purge gas only (n active cooling)

~ Controlled Strain Advanced

Auto strain Controlled srainty
Mod lﬁlsﬁ = .ontrolied strain type
’7 ¢ e ’]Nun—llemﬁve sampling ﬂ
Initial stress.
“quue 1.0 uN.m j
Lower torque limit 1.0 uN.m
MNumber of tries 4
Initial tolerance: 05 %
N
75
"w H "w
Cure of a "5 minute" Epoxy
TA Instruments
1000000 - | This is an isothermal = 1000000
1| time sweep. s i
{5 mins .aﬁ#‘ﬂe'.ﬁ=x=‘.¢l=19X%ﬁ*f*x’lﬁﬂ*gxﬁa“’""""‘e i
. Y
100000 m-xex..u.‘exex*;ex,,%.,,m Prm £ 100000
E R 7 F
] N [
10000 £ 10000
= ] [ Q
& 1000 4 F1000 2
&} 3 E S
1 : ' n ¥ -~
] Gel Point - G'=G i
100.0 3 T=330s £ 100.0
10.00 - £ 10.00
1.000 T T T T T 1.000
0 200.0 400.0 600.0 800.0 1000 1200
time (s)

R
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Isothermal Cure of Tire Compound Effect of Curing Temperature

140°C_135°C

G (MPa)

130°C

120°C

Time (min)

ac)

TA
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Dynamic time sweep following shear

after preshear

)
Ll

Modulus G°, G [Pa); Viscosity n* [Pas]

Frequency 1Hz
strain 2%

preshear 10s at 60 s™

This shows how
rapidly the structure
is rebuilding.

0 20 40 G0

a0 100 120

time t min]

Figure 7. Recovery of sfructure

78
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Frequency Sweep

~ 1: Oscillation Frequency

— Environmental Control

Temperature 25 °C [ Inherit Set Paint
Soak Time 00:02:00 hh:mm:ss [¥ Wait For Temperature
r~ Test Parameters
IStrﬁin % 10 % j
ILngarﬂhmlc sweep ;I
Angular frequency 100.0 to (0.1 radfs j
Points per decade 5

ac)

TA
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Frequency Sweep on PDMS

G (Pa) B

G' (Pa) &

102

PDMS Example

0.1 1.0

@ (radls)

100

100.0

& (sed) U

High frequency — elasticity
predominates.
Low frequency — viscosity
predominates.

Most frequent test for
polymer melts:

ASTM D4440 -
Standard Test Method
for Plastics: Dynamic
Mechanical Properties:
Melt Rheology

100 to 0.1 rad/sec

5 pts. per decade

3 minutes of equilibration
Frequency sweep takes about
6.5 min.

ac)

TA
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Surface Defects during Pipe Extrusion

Indicated by

HDPE pipe surface defects

. 5 | 15
Elasticity at " E A
low - g
fr n g z

equency © 10°4 + 10 ‘%
=}
Caused by é —m— G'rough surface 2
Broader 10°4 —e— G'smooth surface o0 B
—o—n* rough surface ©
MWD —O—n* smooth surface
071 1I 1‘0 1(;0
Frequency o [rad/s]
N
81
(]
Coatings Frequency Sweep
10° 5
Note how 20 is leveling out.
60 is descending sharply.
1 A
e
L
102
<4 ]
z =3
o {_ &
S
-4 Coating 10
10" 5 4 Coating 20
] -4 Coating 40
i & Coating 60
4
10° T T T =
0.1 1 10 100
@ (rad/s)
N
82
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Example of Cox-Merz Rule
10000 -
eLinear Polyethylene Flow Data
Linear Polyethylene Oscillation Data [Cox Merz]
)
o
& o..o.-.ooo.@o@%
> 1000 220000,
B Y L] 0oOO
o / °® Oooo
Q S
2 ©
> Flow instability
1000 —— ]
1.000E-3  0.01000 0.1000 1.000 10.00 100.0 1000
sheadr rate (1/s)
N
83
Dynamic testing: Dependence on M,, and MWD
e
' Molecular weight . . .
—e— 130 000 Zero shear VlSCOSlty mcreases
. ] —0— 230 000 . . .
1o —0—320 000 with increasing MW
& —8— 430 000
T 10°4
Q(S-_
>
.‘%
g 10° 4
S Sone 508 1038 increasing MWD
10" 5
1004 " it "
e £ .1 SBRpolymer broad,
100100 10n 10n 100 100 10m 10 "= 193 narrow distribution
Frequency o a, [rad/s] = —o— n*_, 430000
[%] e
s 8 104 —®— n*_ 320000
When shifting along an 2% o 1230000
axis of -1, all the curves N ;?g ggg
AL PN
can be superposed, unless —&— n*" 250 000
the width of the MWD is B e P P e e ey mat e iy met
10 10 10° 10" 10 10 10 10 10° 10 10 10

not the same.

frequency ® am,

N

84
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MWD and Dynamic Moduli

Effect of MWD on the dynamic modul

10°
e anslt e BL e
e
@? @
10°4 & ﬁ @Eﬁggjgbbo%%%o
- 0 5/@} OOo\%\o—o\o
7 ! No-P—0o
o5}

Modulus G', G" [Pa]

SBR polymer melt

—o— G' 310 000 broad
—o— G" 310 000 broad
—o0— G' 320 000 narrow
—0— G" 320 000 narrow

* The storage and loss
a typical polymer melt
between 1 and 100 rad
* 0, o< 1/M,, .

*Gg < 1/MWD.

modulus of
cross over
/s.

T T
10° 10° 10" 10° 10

T
10° 10°

1

Frequency wa, [rad/s]

Higher crossover frequency = lower M,,

Higher crossover Modulus = narrower MWD

TR
85
ETC Application: TTS on Polymer Melt
Polystyrene Frequency Sweeps from 160°C to 220°C
o00Ee E Extended Frequency range with TTS ?LOOOEG
1 [ Reference Temperatare = 210°C” -
1.000E5 = ;1.000E5
10000 = ;10000
| £ Q
w ] <
o B )
= p s
O]
1000 o £-1000
1000 o i . Experimental F1000
] [=.° Frequency range s
1 [e---- -- -- --»
10.00 : T . . T T . 10.00
0.01000 0.1000 1.000 10.00 100.0 1000 10000 1.000E5
ang. frequency (rad/s) —
N
86
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Shift Factors from TTS for LDPE

— LDPE 150 (1)
5
g 10°
=
5
Activation Energy: 61.4394 kJ/mol
Tref: 150.005 °C
R 0.999597
10"
140 160 180 200
Temperature (°C)
(TA ‘ TAINSTRUMENTS.COM
87
L]
Idealized Flow Curve - Polymers
\ Power Law Region
First Newtonian Plateau
Mo = Zero Shear Viscosity
No = Kx MW_34
= Extgnd Bange
o with Time-
o Temperature
i Superposition (TTS
Measure in Flow Mode P &%ox—Mer(z )
ar =
! Extend Range Second Newtonian
with Oscillation Plateau
& Cox-Merz
Molecular Structure
v
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)
(TA ‘ TAINSTRUMENTS.COM
88
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Example: Dynamic Frequency Sweeps

10°

— LDPE 190 —LLDPE 190

Storage modulus (Pa) A
Loss modulus (Pa) ]

107 - - — e T -
10 10° 107 102 10°

Angular frequency (rad/s)

N
89
Dynamic Frequency Sweeps
104
—LDPE 190 — LLDPE 190
-
é
10?2 T T T
10 10° 10° 102 10°
Angular frequency (rad/s)
N
90
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Fitting Data to Williamson/Arrhenius Models

104

— LDPE 190
— LLDPE 190

< 15
g Mo = A%exp(Eqe/ (R'T))
s N = No/(1+(No"¥/Scrit)°)
-g Parameter LDPE LLDPE
= 1024
1 A 2.09E-3 1.01E0
E. (kJ/mol-deg) 54.2 325
ot (Pa) 8.84E3 8.48E4
c 0.60 0.56
101 - e . e —
0.1 1 10 100 1000
Shearrate y (1/s)
N

91

Tack and Peel of Adhesives

Desirable PSA characteristics

Tack and Peel performance of a PSA

Storage Modulus G' [Pa]

—m—good tack and peel
—e®— Bad tack and peel

Tack: high G' at low frequency
Peel: low G' at high frequency

1 10
Frequency o [rad/s]

ac)

TA
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Correlation of Rheological Parameters to Adhesive Properties

Property

Rheological Properties

Practical Adhesive
Property

Tack

* Low tan § and Low G’

* Low Cross-links (G” > G’ @ ~1 Hz)

High Tack

Shear Resistance

High G’ @ < 0.1 Hz

High Viscosity @ Low Shear Rates

High Shear Resistance

Peel Strength

+ High G” @ ~> 100 Hz

High Peel Strength

Cohesive Strength

« High G’, low tan §

High Cohesive Strength

Adhesive Strength

+ High G”, high tan &

High Adhesion Strength
with Surface

N
93
Dynamic Temperature Ramp - Torsion
10" 102
. ABS
% F 10!
B
g 100§
4 B
= 107 &
é L 102
@ 10% - - - - - T - 10°¢
-150 -100 -50 0 50 100 150 200 250
Temperature (°C)
N
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Effect of Molecular Weight

Glassy Region Transition EIL; l;:gﬂy
Region Region

MW has practically 1
no effect on the

modulus below Tg

log E' (G')

Temperature
N
95
Effect of Crosslinking
MC = MW between
crosslinks
120
160
@, 300
w
5’ 1500
9000
30,000
Temperature
N
96
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Rubber Compound: Similar cure curve, different processing

High Strain tan &

Storage Modulus, G’ (kPa)

——

Good Bad

tan d (low y)

//_j Delta

6

4
10 a 3
2

~N
% \ 1
0

0.1 1 10 100 1000

% Strain iy
TA
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SAOS

Level 2: Examination of Higher Harmonics

Y#) = Y, sin(wr)

o(t)= o, sin(®wr+9d)

—— Stress
— Strain

LAOS

Fourier Series expansion:

= Z o, sin(n®;+Q,)
n=1

odd

Y = Y, sin(wr)

o(t) = 0, sin(®;1+Q,) + 05 SIN(3W;1+@3) + 5 SIN(SO;1+Qs) + ...

— Stress
— Strain

LAOS is often called Fourier Transform Rheology, or FT Rheology.
A useful way of quantifying non-linear behavior is to compare

intensity ratios like c5/04, 65/G4.
€N

TA
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Large Angle Oscillatory Shear: Higher Harmonics

0.15
] PIB 2490 Ability to “fingerprint”

T=28.1 oC a material. ] -
= 1004 o=1radss =
a 1 ; . 4010 =
-] ETANNA EIAWE =
° ] ] IVE _ =
o ] 00000000000000000000090000000, T‘@
4 linear Non-lineay q0.05 €
g 10 £

E g ©
2 ] / ks
] eSS P PP S H0.00
oY T T T T T
1E-4 1E-3 0.01 0.1 1 10 100
Strain y []
The transition from linear to nonlinear regime for
viscoelastic materials shows in a decrease of G’ & G”
and an increase of the magnitude of the harmonics. N
(TA
99
LAOS on PDMS
PDMS for LAOS Corr (1)
105 4 0.3
o O O
5 (02 25838
e3 S35 B
9 38858
22 2 445
g3 (ot 2353
£ O = £ € C
o E > 0 O 0
2 o T 0w N
g3 2 1D
s 9 Z B BB
(%) L 0.0 o o o
103 ; -0.1
10" 102 102
Oscillation strain (%)
TR

100
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LAOS with Transient Data Acquisition

PDMS_LAOS_2015_Transient

Stress (Pa) /A
o

600

Strain (%)

N
(TA ‘ TAINSTRUMENTS.COM

101

LAOS with Transient Data Acquisition

Cone and Partitioned
Plate Accessory

PDMS_LAOS_2015_Transient -h

1.0 1.5
=
=)
0.8 2
F1.0 g
z 2 3
'g 2 0.6 3
S =
== 05 ©
B2 04
3 3
_ﬁ -‘5 & 0.0 =02
5% o2] E
£ c 3
o o 3
00 +-0.5 3
S
-0.2 T 1.0
10° 102 10°

Oscillation strain (%)

| Transient data acquisition with ARES-G2 or DHR-2, DHR-3

~
(TA ‘ TAINSTRUMENTS.COM

102
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Dynamic Testing

« Of all the tests performed on a rheometer, dynamic oscillatory
testing is the most common. Typically, this is the most convenient
way of getting a material’s viscous and elastic nature.

» Dynamic Stress or Strain sweeps are useful for determining a
dynamic yield point of a material and can suggest strains or
stresses to use in subsequent tests, such as frequency sweeps or
temperature ramps.

- Dynamic Frequency sweeps are the most useful tests for il B
characterizing polymer melts and adhesives. They provide n
information on the molecular weight and molecular weight
distribution of a material.

- Time temperature superposition can often be used to provide
knowledge beyond the usual limits of 0.1 to 100 rad/sec.

* The rheometer can be used as a DMA to provide glass transition
temperatures and thermal mechanical integrity.

R
103
THE RHEOMETERS
R
104
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Five Important Rheometer Specifications

= Torque range

= Angular Resolution

= Angular Velocity Range
= Frequency Range

= Normal Force

TA

105

TA Instruments Rotational Rheometers

Discovery HR Rheometer ARES-G2

Separate Motor and Transducer
“Native Mode” = Deformation/Deformation Rate
(Strain/Shear Rate)

Combined Motor and Transducer
“Native Mode” = Force (Stress)

With computer feedback, the instruments can do both,
deformation/deformation rate control and force control.

N

106
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Rotational Rheometer Designs

DHR ARES
Separate motor & transducer
Combined motor & transducer Or Dual Head
Or Single Head
Displacement Measured
o Sensor Torque Transducer
Measured (Stress)
Strain or
Non-Contact Rotation
Drag Cup Motor
Applied

da.b (Stress)

e

LD

Applied Direct Drive
Strain or Motor
Rotation

107
L] (] oge *
Discovery Hybrid Rheometer Specifications
Specification HR-3 HR-2 HR-1
Bearing Type, Thrust Magnetic Magnetic Magnetic
Bearing Type, Radial Porous Carbon | Porous Carbon | Porous Carbon
Motor Design Drag Cup Drag Cup Drag Cup H R-3
Minimum Torque (nN.m) Oscillation 0.5 2 10 HR-2
Minimum Torque (nN.m) Steady 5 10 20
Shear
Maximum Torque (mN.m) 200 200 150
Torque Resolution (nN.m) 0.05 0.1 0.1
Minimum Frequency (Hz) 1.0E-07 1.0E-07 1.0E-07
Maximum Frequency (Hz) 100 100 100
Minimum Angular Velocity (rad/s) 0 0 0
Maximum Angular Velocity (rad/s) 300 300 300
Displacement Transducer Optical Optical Optical
encoder encoder encoder
Optical Encoder Dual Reader Standard N/A N/A
Displacement Resolution (nrad) 2 10 10
Step Time, Strain (ms) 15 15 15
Step Time, Rate (ms) 5 5 5 :
Normal/Axial Force Transducer FRT FRT FRT e ooelCptichal)

- Motor Control FRT
Maximum Normal Force (N) 50 50 50 Minimum Force (N) Oscillation 0.1
Normal Force Sensitivity (N) 0.005 0.005 0.01 Maximum Axial Force (N) 50

n Minir Displ: it (um) 1.0
Normal Force Resolution (mN) 0.5 0.5 1 Deeiration - Pacement (um
Maxi Displ: t 100
O:):ilrlr::i?n isplacement (um)
Displacement Resolution (nm) 10
Axial Frequency Range (Hz) 1x105t0 16
€N
TA
108
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DHR Instrument Model Features

All Di: y Hybrid Rh Feature:

Moving from HR-1 to HR-2 Adds:

Moving from HR-2 to HR-3 Adds:

- Patented Ultra-low Inertia Drag-Cup Motor
- Single-Thrust & Dual-Radial Bearing Design

- 5X better low torque in Oscillation
- 2X better low torque in steady Shear

- Patented Second Generation Magnetic Bearing |- 25% Higher torque

- Nano-Torque Motor Control

- High-Resolution Optical Encoder

- Superior Stress and Strain Control

- Force Rebalance Normal Force (FRT)

- Patented Smart Swap Geometries

- True Position Sensor (Patent Pending)

- Ultra-low Compliance Single-Piece Frame
- Heat and vibration Isolated Electronics Design
- Smart Swap™ Temperature Systems

- Superior Peltier Technology

- Patented Heat Spreader Technology

- Patented Active Temperature Control

- Color Display

- Capacitive Touch Keypad

- TRIOS Software

- Navigator Software

- Electronic Bearing Lock

- NIST Traceable Torque Calibration

- 2X better NF Sensitivity

- Direct Strain Oscillation

- Fast data sampling

- Transient Data Acquisition/LAOS
- Stress Growth (Transient NF)

- Access to UV Curing Options

- Access to SALS Option

- Access to Interfacial Options

- 4X better low torque in Oscillation

- 2X better low torque in steady Shear

- Optical Encoder Dual Reader (pat. Pend.)
- 5X better angular resolution

- 3X better phase angle resolution

- No encoder drift

109

ARES-G2 Rheometer Specifications

Force/Torque Rebalance Transducer (sample Stress)
Transducer Type Force/Torque
Rebalance
Transducer Torque Motor Brushless DC
Transducer Normal/Axial Motor Brushless DC
Minimum Torque (uN.m) Oscillation 0.05
Minimum Torque (uN.m) Steady Shear 0.1
Maximum Torque (mN.m) 200
Torque Resolution (nN.m) 1
Transducer Normal/Axial Force Range (N) 0.001 to 20
Transducer Bearing Groove Compensated
Air

Driver Motor (Sample Deformation)
Maximum Motor Torque (mN.m) 800 Orthogonal Superposition (OSP) and
Motor Design Brushless DC DMA modes
Motor Bearing Jeweled Air, Sapphire Motor Control FRT
Displacement Control/ Sensing Optical Encoder
Strain Resolution (urad) 0.04 Mini_mum Transducer Force (N) 0.001
Minimum Angular Displacement (urad) 1 3§ililll1iﬂz1ﬁans TR 20
Oscillation N)
Maximum Angular Displacement (urad) Unlimited Minimum Displacement (um) 05
Sz Slien Oscillation
Angular Velocity Range (rad/s) 1x 106 to 300 Maximum Displacement (um) 50
Angular Frequency Range (rad/s) 1x 107 to 628 Oscillation
Step Change, Velocity (ms) 5 Displacement Resolution (nm) 10
Step Change, Strain (ms) 10 Axial Frequency Range (Hz) 1x105to 16

ac)
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Minimum Torque Specs

1000 3
'g‘ [
E 100
]
=] L
o
S 10 &
= F mARES-G2
g mDHR-1
£ 1 mDHR-2
= =DHR-3
0.1 7 Oscillation
mARES-G2 50 100
mDHR-1 10 20
EDHR-2 2 10
mDHR-3 0.5 5

=
(/T-/Q ‘ TAINSTRUMENTS.COM
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SELECTED ACCESSORIES

=
(/T-/Q ‘ TAINSTRUMENTS.COM
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DHR Accessories — Visual Display

/NN

Peltier Plate Advanced Peltier Plate

Upper Heated Plate for

Temperature Systems Peltier Plate

You can see the
updated list of
accessories on our
website,
www.tainstrument.com.

Peltier Concentric Electrically Heated

Plates

Electrically Heated

Cylinders Cylinder (EHC)

Environmental Test Relative Humidity Modular Microscope Optical Plate

Chamber Accessory (MMA) n
=

113

DHR Accessories — Visual Display

Small Angle Light
Scattering

Tribo-Rh y

Dielectric Measurement Immobilization Cell

Starch Pasting Cell Dynamic Mechanical

Analysis

114
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ARES-G2 Accessories

b [

Forced Convection Oven Advanced Peltier Orthogonal Dynamic Mechanical
(FCO) System (APS) Superposition & 2D- Analysis (DMA)
SAOS

L

UV Curing Accessory Dielectric Thermal i Vi ity
Analysis Accessory Fixture (EVF) Accessory
(DETA)

T

Air Chiller System Cone and Partitioned Interfacial Rheology Electrorheology (ER)
Plate Accessory Accessory ~
(TA ‘ TAINSTRUMENTS.COM
115
DMA Capabilities
Force Rebalance Transducer

Minimum Force in Oscillation 01N
Maximum Axial Force 50N
Minimum Displacement in Oscillation 1pum
Maximum Displacement in Oscillation 100 um
Displacement Resolution 10 nm
Axial Frequency Range 1x10%to 16 Hz

« DHR Film/Fiber Tension Clamp Accessory kit

+ DHR 3-Pcint Bending Clamp Accessory kit

« DHR Cantilever Bending Clamp Accessory kit

The DMA capabilities of the DHR and ARES-G2
are unique for commercial rheometers.
~
(TA ‘ TAINSTRUMENTS.COM
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FIm Tension

Dual Canfilever

PET FIlm - Tension 50 jm tick ABS bar - Canfllever 3 mm x 1275 mm x 25 mm

o= il
¢ e —
€ 1o
b o
_— g
| _ A ]
Lo |
£
o e — —
e
-100 a0 o 50 100 150 200 —\[ID 50 o 0
Tempsranure (*C) Tempenature (')
- Polysthylene fersphihalaie (PET) - Acryloniile bulodiens styrene (ABS)
- Three major tronsifions are cbserved « Two major fransitions
- Bansiion: 80 °C - Tg (butadiens). -82 °C
adransiion (Tg): 111 °C Tg (styrene) 115°C
- Meliing: 236 °C - Indicates incompaiibiiity of tha two monomers

+ Reveals semicrystalline siucture wilh hwo amorphous rekaxafions

=
(TA ‘ TAINSTRUMENTS.COM
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ARES-G2 DMA Mode

Features and Benefits
- Exclusive fo the ARES-G2 rheometar
= Wide range of geomeiries:
- 3Fgint Bending
» Film/Fiber Tension
= Single and Dual Cantilever (Clamped Bending)
« Parallel Plates Compression
= Awial Force Control fracks madenal sfifiness and
automatically adapis skatic lood
= AutcSirain adjusts applied strain fo changing
sample sfiffness
R Dud and Single Cariilever
» Responsive FCO femperature control:
-180°C to 800 *C
= Sampile visualization with FCO comera

B
TA ‘ TAINSTRUMENTS.COM
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ARES-G2 DMA Testing

- [
r's' [1] I?
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: W : i
3 \ 08 [l 2
iw L 3
§ I :
o
f, 108 12 g
E o 0 20 20 8

Tamsparatrs (1G]
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DMA Specifications

DMA 850 ARES G2 DMA DHR
DMA (optional)
18N 20N 50N

Max Force 35N
Min Force 0.0005N 0.0001N 0.001N 0.1N
Frequency Range le-5 to 628 rad/s 6.28e-3to 1250 rad/s 6.3e™to 100 rad/s  6.3e” to 100 rad/s
(1.6e-6 to 100 Hz) (0.001 to 200 Hz) (1.0e to 16 Hz) (1.0e to 16 Hz)
Dynamic +/-0.05 to 1,500um  +/- 0.005 to 1e4 um +/-1to 50 um +/-1to 100 um
Deformation Range
Control Control Strain (SMT)  Control Stress (CMT) Control Strain Control Stress
Stress/Strain (CMT) (CMT)
Heating Rate 0.1°C to 60°C/min 0.1°C to 20°C/min 0.1°C to 60°C/min  0.1°C to 60°C/min
Cooling Rate 0.1°C to 60°C/min 0.1°C to 20°C/min 0.1°C to 60°C/min  0.1°C to 60°C/min
'EN
TA
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SER2 for DHR Rheometers

This is an interesting application of using the rotational
rheometer to determine elongational viscosity

121

Extensional Viscosity Measurements

Fix drum connected to transducer
'-

Rotating drum connected to the motor:
= rotates around its axis
= rotates around axis of fixed drum

R

122
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Extensional Viscosity

Elongation viscosity 1. (t) (Pa.s) @

Extensional rheology is very sensitive to polymer chain entanglement.

Therefore it is sensitive to LCB

The measured extensional viscosity is 3 times of steady shear viscosity

Elongation viscosity , (t) (Pa.s) @

Ng=3 XMy
LCB polymer shows strain hardening effect
" Linear ©
10 10
§
108 : +LLDPE 218 0.1 1/s =
+LLDPE 218 1.0 1/s
<+LLDPE 218 10 1/s
=LLDPE 218 Steady Flow *3
102 10

Branched

+LDPE 2190.1 1/s
+LDPE 21910 1/s
+LDPE 21910 1/s
« LDPE 219 Steady Flow *3

10 102 10 Swp(i:noe"ts o 10" 102 10° 10 102 107 S‘Epw:‘ﬂe"ts o 10" 102 10°
N
123
UV Light Guide Curing Accessory
* Collimated light and mirror assembly insure uniform irradiance across plate diameter
» Maximum intensity at plate 300 mW/cm?
* Broad range spectrum with main peak at 365 nm with wavelength filtering options
« Cover with nitrogen purge ports
* Optional disposable acrylic plates
N
124
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UV LED Curing Accessory

» Mercury bulb alternative technology

» 365 nm wavelength with peak intensity
of 150 mW/cm?

= 455 nm wavelength with peak intensity
of 350 mW/cm?

« No intensity degradation over time
 Even intensity across plate diameter

» Compact and fully integrated design
including power, intensity settings and
trigger

» Cover with nitrogen purge ports
« Optional disposable Acrylic plates

=~
(TA ‘ TAINSTRUMENTS.COM
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UV Curing Procedure

ﬂ 1: Conditioning Options

—Axial force
Mode IAdlve vI
(@ Tension (" Compression
Auial force N [+ Setinitial value
Sensitivity N
™ Compensate for stiffness changes
v Advanced

Auto strain
’VMDde I Disabled VI ‘

A 2: Conditioning UV Curing

UV Shutter Control

Jov pover e % R
Delay before UV shutter open 00:00:30 hh:mm:ss

UV shutter open time 00:00:10 hh:mm:ss

-
(TA ‘ TAINSTRUMENTS.COM
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UV Curing Procedure

A 3: Oscilation Time

j 5 Oscillation Time

- ontiol oniral
Temperature 25 c [ Inherit Set Point Temperature % © ™ Inherit Set Point
SoakTime 000000 |hhmmss [ Wait For Temperature SoakTime 000000 | hhmrss [~ Wait For Temperature
- TestParameters - Test Parameters
Duration 00:00:35 hh:mmss Duration 00:0100 hhmmss
‘Sampling in'erval 50 slpt I 'Sampling interval 50 sjpt ¥
train % 100 % M Strain % 005 % -
[Single point =l [single point |
[Frquency 100 Hz v Frequency 10.0 He v
A 4 Oscilation Fast Sampling
onrol
@ Isathermel () Ramp
Temperature 2% C [ Inherit set point
Soaktime 000000 |hhmmss [ Waitfortemperature
TestParameters
Duraiion 000040 | hhmmss
'Sampling rale 200 pisfs v
Strain % 005 % -
[Einge poit =l
Fraquency 100 He v

TA
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UV Cure Profile Changes with Intensity

IG"| (Pa)

1.000E7

1.000E6

1.000ES

10000

1000

100.0

LED at 25°C
1 <50mWicm2
1 =100mW/cm2
3 =150mW/cm2
b
: 23000 30000 Eiil;!J(Zsl)!In 33000 34000 35
0 20 000 40,000 60 000 80 000 100 00
time (s)
A

120.00

128
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Tribology

Ball on Three Plates Three Balls on Plate Ring on Plate

Ball on Three Balls

=
(TA ‘ TAINSTRUMENTS.COM
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o
COF - Single Speed Tests
04 |
Skin substitute ring on
035 skin substitute plate
-o-Vaseline
-O-Baby Oil

03 |
c 025 -
.0
ke
o 02
= _
o
=
S ot
=]
=
[}
< 01
© = Temperature 25°C

nos L = Speed 10 rad/s

= Normal stress steps
0 1 1 1 1 1 1 l
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
Pressure. PSI|
(—lﬁ—jA ‘ TAINSTRUMENTS.COM
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Tribology of Lubricated Systems

Boundary
Lubrication
5 1
o=
c - 1
o S !
oL | (L&l |
30:J e A
o 1
o i
1
1
1

Mixed Hydrodynamic
Lubrication Lubrication
P

(M Q/Fy,

* In lubricated systems, the ‘Stribeck curve’ captures influence of lubricant viscosity(n,;),
rotational velocity (©2) and contact load (F,) on p

+ At low loads, the two surfaces are separated by a thin fluid film (gap, d) with frictional
effects arising from fluid drag (Hydrodynamic Lubrication)

« At higher loads, the gap becomes smaller and causes friction to go up (Mixed

Lubrication)

+ At extremely high loads, there is direct solid-solid contact between the surface asperities
leading to very high friction (Boundary Lubrication)

N
TA ‘ TAINSTRUMENTS.COM
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oge L]
DHR Immobilization Cell
Acrylic Paint Drying
10

e

o

&

Z

§ [

2

@

£

8 ACTYIC POInt on Acrylic paper
ACTYIC Paint on COnves poper
ACTyBC Poin on Filfer paper
AcTyic Faint - No vacuum

1 r T r
o 10 20 ao 40
fime (miry
(@ ‘ TAINSTRUMENTS.COM
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DETA on DHR and ARES-G2

Tempariure Ramp on PMMA
0175

| %00
E
‘5 150
“ w
= 3
= o
£ I
£ o :
&
8
& 150
o
n

-30.0

100 125 150

]
g
&

Temperature ("C)

TA
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Dielectric Example in Trios

A 1: Conditioning Options

Aial force

Mode Active ~

€ Tension & Compression

Asial force 20 N [ Setinitial value
Sensitivity 02 N
~ Advanced

I Purge gas only (no active cooling)

Auto strain
{Mﬂde abled ¥

#  2: Other Dielectric

~Envi Control
€ Single € Isothermal € Ramp @ step
Start temperature 30 “C [ Inherit
Soak time 00:01:00 hi:mm:ss [ Wait for temperature
End temperature 110 c
Temperature step 20 c
[~ Test P
Voltage 001 v
[Logarithmic sweep =
Dielectric Frequency 100.0 to [1000000 Hz
Points per decade 10
Averaging time Medium
Equivalent Circuit @ Series & Parallel

ac)
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Interfacial Rheology

=
(/T-/Q ‘ TAINSTRUMENTS.COM
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Surface Concentration Effects on Interfacial Viscosity

Viscosity [Pa.s.m]
¢ O o— e o

Surface viscosity of Span 65 layer deposited on water

14 s
E Tew .
L oes surface loading
0.14 Torpy” 0.3 - 8 molecules/inm?
: o Gy .3 - 8 molecules/nm
h ®‘D®"®I<I‘§/_‘<"/'),
0.01 3 Do
1E-3 4 200
1E-4 ]
1E-5
] water
1E-6 LERLELEALLL | LELELELLLL | HELLRLLLL | LERLELERLLL | LELELELLLLL | LERLELRLLLL | T
1E-56 1E-4 1E-3 0.01 0.1 1 10 100

Shear Rate 7 [1/s]

)

7
(TA ‘ TAINSTRUMENTS.COM
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SPAN65® Layer Spread on Water

Interfacial properties Span65 layer on water

T=20°C
mﬂrajls Y Span 65 [molecul/nm?]
=0 ¢y 013 —®—4.3 0 0.36
£ O]
Z! | 1
9 T Y 0014 Both dynamic and
=N E steady flow tests
° 1 can be performed
(ED (\) ? 1E-34 with the interfacial
@ | | ] geometry. This is
[77]
00 Vv an example of a
; | 1E-4 4 . 9o dynamic strain
o | subphase base line ¥ v, VoS
@ V’ / v vv
5| | 1E-54 \v VT
— Vv
@t / 1
T T T T LA | LA |
1E-4 1E-3 0.01 0.1 1
Strain y[ ]
N
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DHR-RH Accessory
Technolo Temperature-
gy Controlled

Transfer Line

iGeometry
Heat Breaks

Chamber Heat
Spreaders Humidity
Generator Sample Chamber

Peltier-controlled
Sample Chamber

ac)

TA
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DMA-RH Experimental Options

Isohume, Isothermal

Isothermal, RH Ramp

Isohume, Temp Ramp

o o / o /

S S S

2 2 2

S I S I S I
8 c 3 3 o
5 5 g

[ = [

time time time
Isothermal, RH Step Isohume, Temp Step RH Step, Temp Step

o o o

S S S

g ,_I - ,_I 5

e e e

S I S I S I
S 3 8 o
5 5 5

[ [ [

time time time
N
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Test Geometries

*Wide variety of test

geometries:

=Standard parallel plate
=Disposable parallel plate

=Annular Ring

=Surface Diffusion
=Rectangular Torsion

*Innovative geometries for RH:
true humidity-dependent
rheology, not dominated by

diffusion
*True Axial DMA:
=Film Tension

*Three-point Bending

140
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Annular Ring Geometry

- Parallel plate: long diffusion length
*Remove center section
*Annular ring: short diffusion length

* Provides quantitative bulk
rheology with less delay and
gradients associated with diffusion

141

Surface Diffusion Geometry

Ring
Vessel

Fluid Shear field
surface

« Surface rheological
properties and process
kinetics

* Very simple sample loading
« Ideal for:
= Fast evolving systems
= Samples with shallow
interaction depth
= Drying, curing...

ac)

TA
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Rheo-Raman Accessory

Eflect of Temperature on Raman Specira

. s .K" S Rheo-Raman on a
g | hand lotion
§ o |/
i |
& o]
Rhec-Raman Analysis Reglons o 1.6
40001 vy b 00 — s | oy 1.4
|
Dom nmm);:(:mn 7e00 100 Dmm‘!l'n:rc\:ml} 1 20 40 Temmm#“ﬂm(“c) 80 100
N
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Need Some Assistance?
* Instrument Manuals
* Help Feature in Trios
* TA Instruments website
 TA Instruments Rheology Helpline
= rsupport@tainstruments.com
N
144
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Website: www.tainstruments.com

R TATnstruments X

5> C e ‘ @ www.tainstruments.com -9 *‘ @

°o°°°e° Select a language
A

e

Products v AboutTA~  Videosv  Support~  Training~  News&Events~  Sales Promos

The WORLD’'S MOST
POWERFUL PLATFORM
for MECHANICAL MEASUREMENTS

NEW Discovery DMA 850

=
(TA ‘ TAINSTRUMENTS.COM
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Website: www.tainstruments.com

Products v About TA ~ Videos v Training ~ News & Events v Sales Promos

Service Support Application Support Software Downloads & Support Plans
Support
Service Support Helpline Applications Support Lifetime Support Plan
i i i Helpline Software Downloads .
Site Preparation Guides Premium Support Plan
Tech Tips Instruments sorted by
The 1Q/0Q Product ST Plus Support Plan
Offering Applications Notes Library .
Software Sorted by Basic Support Plan
Calibration with Certified Trainin
Standards s Instruments Performance Maintenance
Report a Bug Visit (PMV)
Safety Data Sheets
Request a Feature Academic Support Plan
Supported Instruments
ElectroForce Support
Service Shop Plans

-
(TA ‘ TAINSTRUMENTS.COM
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TA Tech Tips

You D |

search | Browse | Movies | Upload

Create Account | SignIn

Favorites

Tzero Crimped Pan Preparation
From TATecnTIps | Aug 4, 2011 1 224 views.
/A Tech Tip on how to prepare a Tzero Crimped Pan for an experiment.

View comments, related videos, and more

Playlists

=

« Back o Plyists
Thermal Analysis

Norelnfo

Tzero Hermetic Pan
Preparation
TATechTps - 1,343 views

Standard Hermetic Pan
Preparation
TATechTps - 38 views.

Standard Crimped Pan
Preparation
TATechTps - 4 views

igh Volume Pan
Preparation
TATechTips - 103 views

7
(TA ‘ TAINSTRUMENTS.COM
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On Line Training

Training ~ News & Events ~ Sales Promos

= Initial Install; & Training

Course Schedule
]
Seminars | 11N
bl
Training Courses > Theory &
Applications
Courses

ElectroForce Training

Hands-On Training
Courses

N

Practical Series Webinars >

Custom Onsite
Training Courses

Strategies for Better Data

Training FAQ
I Web based

i ) e-Training Courses

T—

~
(TA ‘ TAINSTRUMENTS.COM
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DHR Quick Start Guide

(N

Environmental Test
Chamber (ETC)
160 t0 600 °C
Cw i Ty
Electrically Heated Plate (EHP)
2

TRIOS QuickStart Guide — Basic Data
Analysis Applications in Rheology

TA
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Sampling of Available Webinars

Webinar Archives

Viewall  Electioforce  Dilatometry  Microcalorimetry  ({UEeo) Rubber  Thermal Analysis

. c3
‘
)
TAWEBINARS
Interfacial Rheology: Designing New jies for An ion To High
Fundamental Overview  Materials for Additive logical i Pressure logy
and licati if: ing: Vat of Adhesives
Photopolymerization
F m&
“ \
Randy H. Ewoldt: Norman J. Wagner: An Professor Jodo Maia: Neil Cunningham:
Experimental Introduction to Colloidal ~ The Role of Interfacial Essential tools for the
Challenges of Shear Suspension Rheology Elasticity on the new Rheologist
Rheology, How to Avoid Rheological Behavior of
Bad Data Polymer Blends
» - -
It logy in An ion to = , p S logy
Polymer i Trib y: Bridging Rheology, Analytics of Material
Quantifying Friction Microstructure & Characterization ~
Dynamics (/T-/Q

150
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Thank You
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