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Rheology: An Introduction

ot & _

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

Flow: Fluid Behavior; Viscous Nature

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

-\/\/\/\_ F Deformation: Solid Behavior
Elastic Nature
. F = F(x); F # F(v)
X

0123

Viscoelastic Materials: Force
depends on both Deformation and
Rate of Deformation and vice versa.

— F Maxwell

—_ F Kelvin,
Voigt
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Basic Material Behaviors

Egg Polymer Ceramic

Flow & Deformation Deformation
4
o
FELssA s ~
Viscous Liquids Viscoelastic Flastic Solids
Stress
) . Stress Modulus = -
Viscosity = Strain

Strain Rate

=
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Rheological Testing - Rotational

> 2 Basic Rheological Methods oo 107
1. Apply Force (Torque)and '§ 8 ::_:E
measure Deformation and/or § ;52 1 0_2_?
Deformation Rate (Angular = E 10 ]
Displacement, Angular Velocity) -| = = 104 - _
Controlled Force, Controlled j::: @ 10° 1(',‘ 105
Stress Torque, Shear Stress
2. Control Deformation and/or P 10° 102 ?
Deformation Rate and measure g 104 ] ©
Force needed (Controlled A |08 00| B
Displacement or Rotation, ] 2 : 2g
Controlled Strain or Shear Rate) g i E <
= |10 : : . A 10° 2
10°  10° 10 102 10° g
ts () :é
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TA Instruments Rotational Rheometers

Discovery HR Rheometer ARES-G2

Combined Motor and Transducer Separate Motor and Transducer

“Native Mode” = Force (Stress) (Strain/Shear Rate)

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

N

“Native Mode” = Deformation/Deformation Rate

Rotational Rheometer Designs

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

da.b (Stress)
E— s
St Pt

LD

Applied Direct Drive
Strain or Motor
Rotation
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Steady Simple Shear Flow

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

IS

Bottom Plate
A Velocity = 0

—— —>

vl

vy = (y/H)*V,

Y=dv/dy=Vy/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.
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Parallel Plate Shear Flow

e ——

Stress o Force or torque

Strain Y  Linear or angular displacement

Strain Yy Linear or angular velocity
Rate

=
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Representative Flow Curve
1.E+05 E
F Newtonian Pseudoplastic
I Region Behavior
S 1.E+04 + 7
8 E _ / 0 < n <1 (Newtonian)
QC: 1.E+03 E _ T?W Power Law
~ E M=No | Region : Region
> C : :
= : :
Z 1.E+02 \
[F] F : :
4 i
> 1E+01 | i : d
: | n=mgen |
1. E4+00 sy
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
3.4
Mo > My Shear Rate (sec™)
N
Simple Shear Deformation
Top Plate Displacement = X; Area = A; Force = F
H
y1 > l Bottom Plate
X Displacement = 0
x = (y/H)*X,
vY=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.
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Stress Relaxation

10°

Stress Relaxation of Soy Flour, Overlay

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

% w10 E
—%
5 F
G(t)
—A— T=20C
—A— T=30C
—A— T=40C
—A— T=50C
107 L |
10° 10" 107 10°
time [s]
N
Rheological Parameters
| FLUIDS TESTING |
Parameter Shear Elongation Units
Rate V é 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

R
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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
TR

Creep Testing

Compliance (1/Pa) -

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

3x10°3
-& HDPE

Analysis: Straight line

a: y-intercept: 5.80935e-4
2%102 4 b: slope: 8 95988e-5

R?0.999849 Viscoelastic
1x10 3 4 Fluid

Solid
0x10° 4 T T T
0 5 10 15 20

Step time (min)

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

Concentric Cone and
Cylinders Plate

Parallel Torsion
Plate Rectangular

Very Low Very Low Very Low :
to Medium to High Viscosity Solids
Viscosity Viscosity to Soft Solids

Water > to - Steel

=~
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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

-
(TA ‘ TAINSTRUMENTS.COM
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Converting Machine to Rheological Parameters in Rotational Rheometry

Machine Parameters
MxKs O N Torane
p— — 77 Q : Angular Velocity
\g 6: Angular Displacement

QXK}’ 7/ Conversion Factors

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

M x &- G Rheological Parameters
— — ( ' : Shear Stress (Pa)

E)

e

: Shear Rate (sec!)
7: Viscosity (Pa-sec)
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.

R
Shear Rate and Shear Stress Calculations
Geometry
Couette Cone & Plate Parallel Plates
Conversion
Factor
K, R,./(Ro-R;) 1/B R/h
Ks 1/(2*7R2L) 3/(2nR3) 2/(nR3)
R

6/1/2018
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Cone & Plate and Parallel Plate Geometric Considerations

Standard DHR Peltier 20mm 40mm 60mm

plate geometry diameters D g D

Shear Stress

Shear Stress
At given torque,
Increase in diameter — Decrease in shear stress

Shear Rate

At given angular velocity

Increase in cone angle — Decrease in shear rate
Increase in gap (parallel plate) — Decrease in shear rate

So, for low viscosity fluids, use the largest diameter cone or plate.
For high viscosity fluids, use the smallest diameter cone or plate

ac)
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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.

TA
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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)

Stress, Shear Rate

|

i

Sweep

ﬂmp

Time

Idealized Flow Curve

1) Sedimentation

2) Leveling, Sagging

3) Draining under gravity
4) Chewing and swallowing
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

log

T s

1.00E-5 1.00E-4 1.00E-3 0.0100 0.100

Often we try to correlate our rheology data
with actual applications.

However, differences between similar
materials are accentuated at the low shear
rates, where rotational rheometers excel.
So, even if one does not get to high shear
rates, the rheology data are still useful.

o

10.00

shear rate (1/s)

6 8
10 11
100.00 1000.00 1.00E4 1.00E5 1.00E6
(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 with Yield

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

0 LN LA LA LR AN IR RN AL LR AN IR LR

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

TA

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

6/1/2018
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Rate Sweeps - Polymer Melt Flow Curves

1.E+06 €
> - Williamson Model
2 e M = ny/(1+(c7)°)
1
s 1.E+05
& Cone and
-’
> Plate
=
wn
S 1.E+04
L
>
1.E+03 Ly Ly L
0.01 0.1 1 10
- 3.4 .
Shear Rate (1/sec) Steady testing
with cone and
plate and
- Mw = 400,000 + Mw = 250,000 -8 Mw = 160,000| | boraio piate
geometries is
The shear rate and shear stress are constant throughout the gap with the often limited to
cone-and-plate geometry.
Parallel plate data can be corrected with the Rabinowitsch correction. low shear rates.
N

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

TA
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Steady State Flow at 25 C - Coatings

103
' ] — Sample 1
— Sample 2
102 — Sample 3
— Sample 4
o — Sample 5
= -
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

Viscosity curve of various structured fluids

Viscosity curves of various materials
4

10 !
SN
S o Pobibponn —0O—starch

10°3 S —0— peanut oil
& o, Ty —A—0.05% poly-
o 1071 <;<K1<1<<;<<<<<<m<%<<1 acrylamide solutiorn
=3 gl i ~Vsyrup
= X, g & Cocoa butter lotion
>10'7 o —<— Shower gel
'g % 9 —P>— Co-polymer 240 °C
S 10 s
S %MW/MAQA% M

2 T T T

1E-3  0.01 0. 1 10 100 1000 10000
Shear rate y[1/s]

Viscosity function of various structured fluids

ac)
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Viscous response of suspensions

10°4 0.50% \ Polystyrene-ethylacrylate
\ latex particles in water
4 | ]
0.47%
10’ E LN \.
3 [ ]
w 3 \
& 10°4 1 i wov
= ] . L A
g ] o4 s . Ol
= 1] b T IR ) [l VY.
8 10 \! ‘\o iy 0»,,.\.4.1“ 2
8 R | . "0V ygyiyy A N ¥
S, 5] B R P YT
10 _ (Q\QRQWO/Q)/Q)/%’MA AR maR-EEEE-- 0.28%
.7.,.,-,-,-,.\.:.D7D 00-0-9ge®-0-00-0g / 0.18%
- — 0.09%
fffffffffff water

MAAALL BELELELALLL B LA hAAL BLELRALLL
100 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)

TA

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.

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

ac)
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Effect of HDPE Variations in Blow Molding

Blow Molding Polyethylene

LI . 410° o~
E T=180°C - S
B £ | Parameter
£ 103 10° = M1 | M2
o N
= € MFI 0.6 0.5
£ 10" o 10t 2
2 b= GPC-M 131K 133K
8 5 hw
2 10°4 i 10° 4 Viscosity 8.4K 8.3K
2 i g |att1sec!
3 -
% 10° (1; 102 < Die Swell 28 42
4 _ 5
(v) pillary £
—Oo—n(y) pillary z
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

ac)
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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.

TA

6/1/2018
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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 QIL-BASE
0.6
=
o UK OIL-BASE
E
8 0.4 -
E y Creep is a unidirectional way of getting viscoelasticity.
= It is often followed by creep recovery.
£ Creep answers the question of how much deformation to
8 expect when a material is subjected to a constant stress,
such as gravity.
0.2 1
UK WATER-BASE
\ 7 US WATER-BASE
——
0.0 7 T T T
0 100 200 300 400
Time (s)
'EN
TA
L]
Stress Relaxation
108 5
105 pu PDMS
4 104
) ]
e 103,
S 102]
5 10%4
B ]
= 107 3 Stress relaxation is another unidirectional way of
E getting viscoelastic properties.
100 ]
101 T —— T —— T — —
10+ 102 10-2 10 10° 101

Step time (min)

ac)
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Flow Temperature Ramp - Printing Inks

1,000

Room

100

Gap (micro m)

ac)

TA

M
@ £
o [
< [
a [
> L
]
o
b
s 10 E \
[ Printing Press
L Temperature
T S S S T S S
20 25 30 35 40 45 50
Temperatue (C)
N
TA
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
£
@
e
& .
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

6/1/2018
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Dynamic Testing

\

Response, Strain

/"\/
=

ELASTIC
RESPONSE

VISCOUS
RESPONSE

=

VISCOELASTIC
RESPONSE
5|
Polymers are viscoelastic materials. Time §
Both components — viscosity and apanmanam
elasticity — are important. &
N

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 s X

(Elasticity) G’ = (0y/Yo)cOSd E’ = (ty/go)cOSd Pa
Loss Modulus . . . .

(Viscous Nature) G” = (0y/y)sind E” = (1y/g0)sind Pa

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*(0) =n(y) @ y = ©
TR

6/1/2018
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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.

N
Linear Viscoelasticity
4 | Linear Region:
10 | » Osc Stress is linear with Strain. 5 100
“ 1 G, G” are constant. This is typically the first test
—_ ] done on unknown materials.
) ]
& -
= ’ n =
U . —
e =
] 2 -10 Z
/ Non-Linear Region L ._3,
4‘ N G’ =1(y) i ¢
— _| Stress v. Strain L
© ~— L
& End of LVR or
= Critical Strain v, L
&)
0 < 1
0.1 1 10 100
It is preferable to perform testing in the -
linear region because you are measuring 1% (%)
intrinsic properties of the material, not
material that has been altered. =
N

6/1/2018
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Stability is Related to Structure in Inks

G' (Pa)

Ink Samples: Oscillation Stress Sweeps @ 6.28 rad/s

10000

1000

100.0

] DHR Testing

R R e R N
ey =R =N =R =N =N N N = Py

A 5% drop from the modulus in
the Linear Region is considered
being in the Non-Linear Region

PRAKHK

This is the most reproducible way of

10.00
0.1000

1.000

10.00

osc. stress (Pa)

determining a yield stress.

100.0
N

TA

Frequency Sweep on PDMS

G (Pa) B

G' (Pa) &

PDMS Example

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

& (s'ed) U

Most frequent test for
polymer melts:

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

100 to 0.1 rad/sec

102 ——r ——rry . ___1 402 | 3 pts. per decade
0.1 1.0 10.0 100.0 3 minutes of equilibration
Frequency sweep takes about
s} 6.5 min.
TR

6/1/2018
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Surface Defects during Pipe Extrusion

Indicated by

HDPE pipe surface defects

Elasticity at 105 ERA
low - g
fr n g z
equency © 10° 3 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
(]
Coatings Frequency Sweep
102
Note how 20 is leveling out.
60 is descending sharply.
| A
A
U
102 4
<4 ]
z =3
[ 4
y e

-4 Coating 10
-4 Coating 20
-4 Coating 40
-4 Coating 60

100
0.1

@ (rad/s)

TA

100

6/1/2018
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Example of Cox-Merz Rule
10000 -,
eLinear Polyethylene Flow Data
Linear Polyethylene Oscillation Data [Cox Merz]
w
©
& o..o.-.ooo.@o@%
> 1000 0000,
.ﬁ Y [ 0oOO
Q S
2 ©
> Flow instability
1.000E-3  0.01000 0.1000 1.000 10.00 100.0 1000
sheadr rate (1/s)
N

—e— 130 000
—0—230 000
—0—320 000
—&—430 000

Viscosity n* [Pa s]

Slope 3.08 +/- 0.39

10° 4 Wolctar "

T T T T
10t 10° 10 10" 10" 10 10°  10°

Frequency o a, [rad/s]
When shifting along an
axis of -1, all the curves
can be superposed, unless
the width of the MWD is
not the same.

Molecular weight

o

Viscosity n*/n

Dynamic testing: Dependence on M,, and MWD

Zero shear viscosity increases
with increasing MW

increasing MWD

SBR polymer broad,
narrow distribution
—o— n*_, 430000
10°4 —@— n*_, 320000
—e— n* 230000

red

—o— n* 130000

4 red
"3 —o— g%, 310000

—s— n* 250 000

red

i i -u i i T T i
*10° 10° 10° 107 10° 10° 10" 10" 10"

frequency ® am,

N

o
10

6/1/2018
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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

* 0, o< 1/M,, .
* G o< 1/MWD.

modulus of
cross over

between 1 and 100 rad/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

ac)
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ETC Application: TTS on Polymer Melt

Polystyrene Frequency Sweeps from 160°C to 220°C

1.000E6

1.000E5

10000

G’ (Pa)

1000

100.0

7 ¥ 3
« o
Te
Y
' .

10.00

Extended Frequency range with TTS

[ ~~ "Réference Temperature = 210°C~

Experimental
Frequency range

£1.000E6

= .000E5

£ 10000

(ed) D

E-1000

£-100.0

10.00

0.01000

0,1800 1.060 10.‘00
ang. frequency

T T T
100.0 1000 10000

(rad/s) ( /\-\

TA

1.000E5

6/1/2018
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Idealized Flow Curve - Polymers

logn

\ Power Law Region

First Newtonian Plateau

Mo = Zero Shear Viscosity
Mo = Kx MW, 34

Extend Range
with Time-
Temperature
Superposition (TTS)
& Cox-Merz

EI‘

Second Newtonian
Plateau

Measure in Flow Mode

T =
{ Extend Range

i with Oscillation
& Cox-Merz

Extrusion :

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)
(/T-/Q ‘ TAINSTRUMENTS.COM

Tack and Peel of Adhesives

Tack and Peel performance of a PSA

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

= ]

&

) 10 3

e ]

a ]

5 B

he) 4

o

E B

()

g 10°

2 -

n ]

0.1 1 10

Desirable PSA characteristics Frequency o [rad/s]

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

=
(/T-/Q ‘ TAINSTRUMENTS.COM
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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

TA

Dynamic Time Sweep: Material Response

1.000E7 5 1.000E7
B PDMS F
1.000E6 5 =1.000E6
E The material is stable in | £
E this time range. F
© | i Q
2 1.000E5 ©  E1.000E5 5
0] E = o
] 00 0 0o o0 o o o o o o C
10000 10000
1000 \HHHH‘HH\HH‘H\HHH‘HHHH\‘HHH\H‘\HHHH‘HHHH\ 1000
0 5.0000 15.000 25.000 35.000
time (s)
N
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Cureo

fa "5 minute" Epoxy

G' (Pa)
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1.000

TA Instruments

Thls is an isothermal , = 1000000
time sweep. ——
Y Y ATaTaTaYaYaTa%a'al r
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A7aaVaVaVaVaVaVavs
A-Av‘u-Auu#!é‘ﬂu-.S"*"S"exe'éhhv.y P £ 100000
aS1°l8TaTa 8 YaTaVars £
S ST |
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‘ 4060 606.0 800.0 1000 1200
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Isothermal Cure of Tire Compound Effect of Curing Temperature

G (MPa)

14
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Ti

me (min)
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Dynamic time sweep following shear

— after preshear —=—n
&
é’ 102__ This shows how
§ rapidly the structure
L] is rebuilding.
=
=
e,
i
i Frequency 1Hz
2 G, strain 2%
B preshear 10s at 60 s™
=
T T T T T T T T I
o 20 40 &0 a0 100 120
time t min]
Figure 7. Recovery of sfructure N
~ 1
Dynamic Temperature Ramp - Torsion
107 102
" ABS
g
3 L 10
3
€
g
4 LA
= 107 &
e
;g L 10?2
£
)

@ : ‘ . : : : : 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
no effect on the
modulus below Tg

log E' (G')

Temperature
N
Effect of Crosslinking
MC = MW between

crosslinks

120

160

@, 300

w
5’ 1500
9000
30,000
Temperature

N
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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.

TA

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.

R

6/1/2018
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DHR Instrument Specifications

Specification HR-3 HR-2 HR-1
Bearing Type, Thrust i Magnetic Magnetic
Bearing Type, Radial Porous Carbon Porous Carbon Porous Carbon
Motor Design Drag Cu, Drag Cu| Drag Cu,
Minimum Tirque (nN.m) Oscillation 0g.5 . g2 . fo . HR-1 HR'2 H R-3
Minimum Torque (nN.m) Steady Shear 5 10 20
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) [1] 0 0
Maximum Angular Velocity (rad/s) 300 300 300
Displacement Transducer Optical d Optical d Optical d
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
Maximum Normal Force (N) 50 50 50
Normal Force Sensitivity (N) 0.005 0.005 0.01
Normal Force Resolution (mN) 0.5 0.5 1

ac)

TA

DHR Instrument Model Features

Moving from HR-2 to HR-3 Adds:

All Di: y Hybrid Rh Feature:

Moving from HR-1 to HR-2 Adds:

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

- 5X better low torque in Oscillation
- 2X better low torque in steady Shear
- 25% Higher torque

- 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

6/1/2018
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ARES-G2 Specifications

Transducser Torque Modor
Transducer Normal/ Axial Moior
Minimum Transducer Tarque
in Oecillation

Minimum Transducer Torque
in Steady Shear

Maximum Transducer Torque

Transducer Torque Resolution

Transducsr Nomal/
Auxial Force Range

Force//Torque Rebalancs:
Brushless DC
Brushless DC

0.05 yN.m
0.1 pNm

200 mN.m
1 nN.m

0.001 fo 20N

onal Superp
Motor Contral For
Minirmum Transducsr Force in
Oscillation

Maxirmum Transducsr Force

Minimum Displocement in Oscillation

Maximum Displacement in Cscillation
Displacement Resolution
Avdal Frequency range

Stepper T
Movement [Positioning

A modes
oa Rebalance Transducer

ind

1x10%Hzto 16H

Micro-stepping Motor/
Precision Lead Screw

Transducer Bearing Croove Compensated Air Position Measursment Linear Cptical Encoder
. Posifioning Accuracy 0.1 micron
Drive Ma ormation)
Maximum Mator Torgque 800 mM.m Ternperature Systems
Meotor Design Brushless DC Smart Swop Shandard
Maotor Bearing Jewelded Air, Sapphire Foroed Conwvection Owen, FCO -150°C o0 600 °C
Displacemant Control/Sensing Optical Encoder FCO Camera Viewsr Optional
Strain Resolufion 0.04 prad Advonced Pettier Systern, APS -10*CHo 150 °C
Min. Angular Displocement 1 prad Pelfier Plate -40 “C o 180 *C
in Oecillation Sealed Bath -10°Cto180°C
Max. Angulor Displacement Unlimited
in Steady Shear
Angular Velocity Rangs 1 x 10 rod/s to 300 rad/s
Angular Frequency Range 1 x 107 rod/s to 628 rad/s
Step Change in Valocity Sms
Step Change in Sirain 10 ms
JMENTS.COM
Minimum Torque Specs
1000
= b
g L
= E
Z 100 -
- £
o [
3 L
g
S 10 —+
= mARES-G2
13
F] mDHR-1
£
= 1 mDHR-2
mDHR-3
0.1 oy
Oscillation
BARES-G2 50 100
mDHR-1 10 20
mDHR-2 2 10
mDHR-3 0.5 5

~
(TA ‘ 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
=

DHR Accessories — Visual Display

Small Angle Light
Scattering

Tribo-Rh y

Dielectric Measurement Immobilization Cell

Starch Pasting Cell Dynamic Mechanical

Analysis

6/1/2018
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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

DMA Capabilities

Motor Control 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

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

oo
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Storage Moduus
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TA

DMA Specifications

Max Force
Min Force
Frequency Range

Dynamic
Deformation Range

Control
Stress/Strain

Heating Rate

Cooling Rate

35N
0.0005N
le-5 to 628 rad/s
(1.6e-6 to 100 Hz)
+/- 0.05 to 1,5001m
Control Strain (SMT)

0.1°C to 60°C/min

0.1°C to 60°C/min

DMA 850

18N
0.0001N
6.28e-3 to 1250 rad/s
(0.001 to 200 Hz)
+/-0.005 to 1e4 um
Control Stress (CMT)

0.1°C to 20°C/min

0.1°C to 20°C/min

ARES G2 DMA

20N
0.001N

6.3e5 to 100 rad/s
(1.0e to 16 Hz)

+/-1to 50 um
Control Strain
(CMT)

0.1°C to 60°C/min

0.1°C to 60°C/min

(

DHR

DMA (optional)

6.3e5 to 100 rad/s
(1.0e to 16 Hz)

+/-1to 100 um
Control Stress
(CMT)

0.1°C to 60°C/min

0.1°C to 60°C/min

TA
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SER2 for DHR Rheometers

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

SER2 DHR Data

. 1E64 Lupolen 1810H
w 3
e 1 T=150°C
o
= ]
~ A f d
= 155-§ ¢ f J ,,f
38 ? LS S? —o—0.011/s
o i 4 -
@ i\ fd —4—0.03 1/s
- ; —— 0.1 1/
% 10000 4 JET <031
S ] } [f —o—1.01/s
- A —4—3.01/s
c A —+—10.0 1/s
i) g —&—30.0 1/s
m 10()0-E # 3 xn(t) (Pas)
E O— 3 xn* (Pas)
ahuiday | T LAALLL | LR RALLLL | LRELALLLL | LR L. | LA R
1E-3 0.01 0.1 1 10 100 1000
n* Time t [s]
N
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Extensional Viscosity Measurements

Fix drum connected to transducer
) -

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

N

‘ TAINSTRUMENTS.COM

LDPE (High branching)

10° ¢

LDPE, T 150 °C
—— 0.003 s™
—— 0.01s™
—— 0.03s™

[Pa-s]

e (

10°

—— 035"

—1s?

PR 3 s—1

— 10"

— 30s™"

—— [Steady Shear Viscosity * 3]

10?

-1 0 1 2
10'2 10 10 10 10 103

time, [s]

-
(TA ‘ TAINSTRUMENTS.COM
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Large Angle Oscillatory Shear: Higher Harmonics

0.15
PIB 2490 Ability to “fingerprint”
T=28.1 oC a material.
— 1004 w=1rad/s
m 4
o, ] ~40.10
o
[0
E 40.05
3 104
) ]
=
- 0.00
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.

TA

1/l

71

)

1/

51

)

Harmonics | /I

31

Trios Software

ac)

TA
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Trios Software

« Trios is non-restricted. Anyone can download Trios from our website at no
cost and install it on any computer.

« Trios is versatile and friendly. It combines the best of Rheology Advantage
(AR Rheometers) and Orchestrator (ARES) and has additional features too.

« Trios has all the necessary procedures for conventional as well as
specialized testing.

« In Trios, with the DHR rheometer, you can add steps and modify steps that
haven't started while the test is in progress.

« There is the Auto-tension feature, which is used in torsion rectangular
testing and linear DMA testing.

« There is the Auto-strain feature, which allows the strain to change during an
experiment based on the torque. This is useful for temperature ramps and
curing tests.

« The graphics quality is excellent. Formatting graphs is easy with the
Automatic options and very versatile with the Customized graphing.

+ Data can be read in spreadsheet form. If you copy and paste into Excel,
you will get the data and the headings.

« There are numerous variables to select from, but you can also construct
user-defined variables.

« Trios can read data from Rheology Advantage and Orchestrator data files.

ac)

TA

Trios Screen

7| Experiment | Sciping  Instument  Engineering  SciptButons

14 = N %@

l =] = Offline-Discovery HR-3 : TA Instruments Trios v4.3.0.38388

" Sewp | St Sty | PointDisplay Image
Ofine | Geomety | Procedure Experiment View Help
 File Manager v | /F [Experiment 2] |
HeNIERE

| ¥ Sample: 5600

)

Experiments

The Control Panel is shown
on the next slide.

¥ 1: Flow Ramn 75°C. 00:03:00hh:mm:ss. 0 to final S0000N.m

(% Geometry: 40mm 2.0° cone plate, Peltier plate Steel '

2.5 a0t

= Experiment

iLog -
= Eperiments Search: Day: + Instument <ALL> o
@ Resuts 06 Information. Code LoaTime v Desciplon m
é Geometries Cear List
/) caibration
& scrots

ac)
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You can control many things from the
Control Panel section:

: Control panel vox

@D \die

Ae(ds|q quind [Ad)

]

Gap

Temperature
Spindle speed

The laser for SALS
Axial force.

aprN

El
2
a2
Name Value Units 18
Torque 0.141885 pN.m
Displacement 224644 rad
Shear rate 27579 Uis
Aodal force 0735812 N
Temperature C
Set lemperature T
Gap um
Viscasity 409391 Pas
Gap
FTLEEDIAVY D
Clesure profile:  linear
Set gap pm
Apply I
I Gap
§ Environmental
& Motor
/ Other
ﬂ #oial Force
»
CUTA

Geometry Information

‘../ # Geometry: 40mm parallel plate, Peltier plate Steel

&

4

Diameter mm

Gap

Loading gap 450

Trim gap offset mm

This information will be stored with the geometry
file. It will be accessed when the magnetic reader
scans the magnetic strip at the top of the
geometry.

e
Environmental system | Peltier plate [

Minimum sample volume is 1.25664 cm?

~ | Constants

Gap temperature compensation

Expansion coefficient
[¥]Enabled

Compliance

Geometry ineriz
Friction

Stress constant

Strain constant

Momal stress constant

Fluid density constant

-

mrad/M.m
pM.m.s?

N mi(radis)
[F5775_Jrenin
B
(159755 |
[B378e1 ]

There is a friendly Geometry wizard that
guides you through preparing a new
geometry.

Double-pressing the Bearing Lock icon on
the touch-pad and loading the geometry in
the same location. enables you to retain at

least most of the mapping

Enabled

ac)
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Trios Software Procedures

Qscillation
Flow

Step (Transient)
Other

Temperature Ramp
Temperature Sweep
Time

Oscillation
Flow Extensional
Step (Transient) Event

Temperature Ramp IsoForce

Conditioning Amplitude Temperature Ramp IsoStrain
Fast Sampling Arbitrary Wave
Manual
scillati-on ITemperature Ramp E| -(F)‘sci\lation
ow = ow
Step (Transient) Step (Transient)
QOther QOther
Conditionin e
Step (Transient) : These are the choices in Trios for the DHR.
_— ress Relaxation ; ; :
gzz:’llatlon Strees Growth TEgre arfe n:|hno;‘ g;fégegges with the
choices for the -G2.
Step (Transient) Repeated Creep
QOther

Conditioning

ac)

TA

Oscillation Procedure

~ 1 OsciIIationj IFrequencyj

—Enviranmental Control

Temperature 25 ‘C [~ Inherit Set Point
Soak Time 00-:03:00 hh:mm:ss [ Wait For Temperature
~ Test Parameters.
IStram % 10 % j
ILDgﬂriIhmil: sweep LI
Angular frequency 100.0 to |01 radfs j
Points per decade 5

TA
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Display of Frequency Sweep Data

PDMS
10°
o Crossover technique: Cubic / linear (Orche)
@) 5 Crossover modulus: 27966.7 Pa
< O o 107 4 Crossover x value: 546916 rad/s
;_m‘ —~ @
© ]
0
= ¢ Z Fo2wu o
>
9 35 g 1044
S T @ ]
E g > ] \S\‘\(
@ S
20 o 1 \ :
o o = [n: RSN
2 3 £ 10?2 S\@
o E
w 8 ]
i
10° — T ————rTrr ———rT
10 10° 10° 102
Angular frequency (rad/s)
N
TA
A 1: Flow Sweep
~ Environmental Control
Temperature 25 C [ Inherit Set Point
Soak Time 00:03:00 hh:mm:ss [ Wait For Temperature

— Test Parameters

ILngarilhmlc sweep

=

[ Scaled time average

Shear rate 0.1 to |100.0 /s j
Points per decade 5
[ Steady state sensing
Max. equilibration time 00:01:00 hh:mm:ss
Sample period 00:00:05 hh:mmss
% tolerance 5.0
Consecutive within 3

ac)
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Display of Flow Data

S60 Viscosity Standard

100

10.1; L\

Viscosity(Pa.s)
Mean = 0.103204
SD = 9.17835e-3
Rel. SD = 0.0889342
Var. = 8.42421e-5

Viscosity (Pa.s)

10-2 T T T T
102 101 10° 107 102 10°
Shear rate (1/s)

« Rheometer
TA Instruments
Rubber Testing Products _

* Viscometer

Density Meter

Hardness Tester

ac)
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RPA Elite

RPA elite
Rubber & Polymer Analyzer

We obtained the RPA and others for rubber testing
when we acquired Scarabaeus recently.

Shore A

=
(/T-/Q ‘ TAINSTRUMENTS.COM

ASTM D5289: MDR/RPA Isothermal Curing

MH ;
Co—— L2

* ML is minimum torque during
test - 1.6

~ » MH is highest torque obtained | 15 =
§ during a specified period of time | §
S/ + Tsx are scorch points at time X [ 1.4 &
@ » TCxx are points to reach XX% off_ 13 *
torque difference MH - ML '
- 1.2
- 1.1
T T T T 1
6 8 10 12 14
Time (m.m)

=
(/T-/Q ‘ TAINSTRUMENTS.COM
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Need Some Assistance?

* Instrument Manuals

* Help Feature in Trios

* TA Instruments website

 TA Instruments Rheology Helpline
= rsupport@tainstruments.com

Website: www.tainstruments.com

> C e | @ v tainsiruments.com -0 %|[Qx

www tai .
0000@@0 Select a language

A

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

The WORLD’S MOST
POWERFUL PLATFORM

NEW Discovery DMA 850

for MECHANICAL MEASUREMENTS 4

6/1/2018
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Website: www.tainstruments.com

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

Service Support

Service Support Helpline
Site Preparation Guides

The 1Q/0Q Product
Offering

Calibration with Certified
Standards

Safety Data Sheets
Supported Instruments

Service Shop

Application Support Software Downloads &

Support
Applications Support
Helpline Software Downloads
Tech Tips Instruments sorted by
software

Applications Notes Library

o Software Sorted by
Training Instruments
Report a Bug

Request a Feature

Support Plans

Lifetime Support Plan
Premium Support Plan
Plus Support Plan
Basic Support Plan

Performance Maintenance
Visit (PMV)

Academic Support Plan

ElectroForce Support
Plans

TA

Thank you for attending

Don’t forget http://www.tainstruments.com/

If you have questions or need help

Contact the TA Instruments Technical Helpline
http://www.tainstruments.com/support/applications

/applications-hotline/

TA
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