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Rheology: An Introduction WGTGI’S”

Rheology is the science of flow and deformation
of matter (primarily fluids)

Dynamic mechanical analysis is the science of
flow and deformation of matter (primarily solids)




N

Instruments

What does a Rheometer (or DMA) measure? WCIerI’S”

¢ Arheometer can provide information about the material’s:

Viscosity - defined as a material’s resistance to flow and is a function
of shear rate or stress, with time and temperature dependence

Viscoelasticity - is a property of a material that exhibits both viscous
and elastic character. Measurements of G’, G”, tan & with respect to
time, temperature, frequency and stress/strain are important for
characterization
¢ Samples - liquids, semi-solids and soft solids = Rheology and DMA are
complementary

= DHR Rheometers can do both

® A DMA can provide information about

T

the material’s: Liquids, ' Gels, crosslinked ! Soft solids

Viscoelasticity - Measurements viscoelastic | liquids, soft solids|

) ” . fluids, polymer | i
of G, G”, tan & with respect to el i !
time, temperature, frequency and ; :
stress/strain are important for | i
characterization | !

|

¢ Samples - solids, composites, !

elastomers, soft solids
i 3
. ; 5
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What Rheology (or DMA) Measures
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Waters:

* Viscosity (Liquids) < » |- Elasticity (Solids)

* Viscoelasticity (Liquids to Solids)
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Why Rheology Matters WCIerrS”

What is Viscosity? — Resistance to flow

Why do we care? — The various fluids we use day to day
have to be processed (pumped, poured, mixed, etc.)
whether it is water, cake batter, molten polymer, oil, etc.

Viscosity can be used as a measure of shelf stability,
molecular weight, and energy to process

Rheology can give us viscosity data and much more

©2022 Waters Corporation



Basic Model of Elasticity W’r
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What is Elasticity?

® In 1660, Robert Hooke developed his “True Theory of
Elasticity”
Model — spring
Observations — stress is linearly proportional to the
deformation
Young’s Modulus is the slope of the stress and
strain curve

‘—l"‘l

4 Strain

Stress
m

->[ o =Er ]

Elasticity
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Basic Model of Viscosity W ; \
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®In 1687, Isaac Newton studied the flow behavior of liquids
Model — dashpot

Observations — stress is linearly proportional to shear
rate

Viscosity is — the ratio of the stress and rate curve

-

Stress (o)

s

Newton’s Law of Viscosi

Shear Rate (y)
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How to Describe Viscoelasticity? WGTGI’S”

® Viscoelastic Materials: Force depends on both deformation and
rate of deformation and vice versa

/ Maxwell Model (Stress Relaxation) Kelvin-Voigt Model (Creep) \
6 Y=gt o =Gy +my
G |:ﬂ n dy
dy 1ldo o a=Gy+nd—
n o o =m oot t
LH dt Gdt 7
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How do Rheometers Work? _
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* The study of stress and deformation relationship WGTGI’S”

*Sliding Plates

F
Sh t =—
[ ear stress ¢ =~ ]

AX
[ Shear strainy = — ]
[ ___ yo
—
AX; Fy
E’ earrae—y—y0 It

Stress

Stress __ — Vi -
Strain Modulus Shear rate VISCOSIty

I |- " - -
H y = In practice rotational rheometers use angular
displacement and angular strain

= This allows for high shear rates and infinite angular
displacement
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Variety of DMA clamps =SS
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» Cantilever, Tension, Three-point bend, compression W(]ferS“‘

3-Point Bending Compression

S/D Cantilever Film/Fiber Tension

DHR:

= |In DMA, we characterize the relationship between stress and strain with various geometries

©2022 Waters Corporation
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How do DMAs Work?

» The study of stress and deformation relationship ngersm

:
ol

Torsion (Shear)

\nstrumems

Film/Fiber Tension Compression

5
i

S/D Cantilever

i1
M

3-Point Bending
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How do DMAs Work?

* The study of stress and deformation relationship WOITGI’S” (_/T“Q
S/D Cantilever Film/Fiber Tension 3-Point Bending Compression

P

ag = ——

Ao
w .L i

36tF, ——

Y — ¢ . R
2 [14_%(14-:/](%)] )\ 66tF.

L | €z =
Since we are testing solids here, :01:]

we do not measure viscosity

2 [1 T2y v](%)z]
§ Stress — Modulus
i Strain
[}
12
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How do rotational Rheometers Work? WGTGI’S”

® In a rheological measurement, stress; strain and strain rate (shear rate) are all
calculated signals

® The raw signals behind the scene are torque; angular displacement and angular
velocity

Fundamentally, a rotational rheometer will apply or measure:
1. Torque (Force)
2. Angular Displacement
3. Angular Velocity

©2022 Waters Corporation
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Measured parameter: angular displacement ngerg"

® Angular displacement (0) is the angle, in radians, through which an
object moves on a circular path

s = arc length (or linear displacement)
r = radius of a circle
Conversion: degrees = radians-180/n

A\

0=s/r

_de _1ds
T dt rdt

©2022 Waters Corporation
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Measured parameter: torque WGTGI’S”

® Torque (M) is a measure of how much a force (F) acting on an object
causes that object to rotate.

The object rotates about an axis, called the pivot point

The distance (r) from the pivot point to the point where the
force acts is called the moment arm

The angle (0) at which the force acts at the moment arm

M=r-F-sinf=#-F .

(for 6 = 90° as shown)

©2022 Waters Corporation



Equation for modulus
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Material
function

o
Y

Waters:
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[

Constitutive
equation

Measured
signals

Geometry
constants

—




Equation for viscosity
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Waters:

do T] —
0=—

Material
function

' K

Y

4 N
Constitutive Measured Geometry
equation signals . constants

J

M {K,
{

<-| q
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Strain and siress are calculated from geometry parameters

Geometry Options - Instrument measures Displacement and T\/\7 N
aters | €

\nstrumems

Concentric Cone and Parallel
Cylinders Plate Plate

L

poration



Strain and siress are calculated from geometry parameters

Geometry Options - Instrument measures Displacement and T\/\7 N
aters | €

\nstrumems

Concentric
Cylinders

Strain Constant

_(1+8%
Ky—m

Stress Constant

(1+ 62)

Cone and
Plate

B

Strain Constant

Stress Constant

K. =
?  (4nL X RZ X cL X §2)

3
2TR3

Ky =

Parallel
Plate

Strain Constant

Stress Constant

Normal Stress Constant

2

K, =—
Z 7 nR2

3
2TR3

Ky =

Waters Corporation



Geometry Options — Testing across a wide range of viscosity
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Concentric Cone and Parallel Torsion

Cylinders Plate Plate Rectangular

Very Low Very Low Very Low _

to Medium to High Viscosity Mid-modulus

Viscosity Viscosity to Soft Solids Solids

Water ===l o === Steel

10 10" 10° 10° 10° 10’ 10°




Discovery Hybrid Rheometers by TA WGTGI’S” (/T?
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Discovery Hybrid Rheometer

DHR-1,2,3 HR-10,20,30

Controlled Stress Design
Single Head




Single head or CMT ~
DHR ~ Combined motor & transducer WG'I'erS“‘ (/T;?
EE_EE Single or Dual  Measures Displacement
Optical encoder ~ (strain) and Velocity (shear
rate)
} Magnetic Provides both air and
Thrust =~ = magnetic fields to minimize
. friction
Advanced Beanng
Dl oy Drag Cup - Measures Torque (Stress)
Motor Motor
= This design minimizes
external disturbances

(friction) to the
measurement

©2022 Waters Corporation



DMA Geometry Options - Testing across a wide range of viscqsit | (/«W
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Film/Fiber Tension

, A
¥ |
e

= Elastomers

= Fibers

S/D Cantilever

Supported thermosetting
resins

Elastomers

Amorphous or lightly-filled
thermoplastic materials

3-Point Bending

Metals
Ceramics

Highly filled thermosetting
polymers

Highly filled and
crystalline thermoplastic
polymers

= Gels

= Weak elastomers

2 Waters Corporation



How do DMAs Work?

1
:.L

Film/Fiber Tension

-:a o

_ﬁ_

F — force

AX - displacement AX

) F
[Shear strainy = y—J [Shear stress g = _]
0




Rheology Theory and
Experimental Designs

1. Flow (Steady Shear) Tests
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Background on Viscosity Values and Flow Curves e
Waters' | 7
: : Caulking Asphalt
| water || Coffee | | Olive Oil | | Honey || Molasses | Compound|| Binder
| I IIIIIII| I IIIIIII| l IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|
10° 100 10" 10° 10 10° 10° 10" 10" 10
Viscosity

ALEX'
A = g@

«  Different liquid materials in the world can have significantly different viscosities, therefore , they
also exhibit different flow behaviors.
. Unless a fluid is Newtonian, it does not have a single viscosity value!

Waters Corporation




Background on Viscosity Values and Flow Curves

® Newtonian and non-Newtonian

Waters:

N

Viscosity Behaviors

[ Newtonian ] [ S_hegr ] [ _Shear ]
Thinning Thickening
= = é
=
cory S OTT cory

Instruments




Viscosity Curves of Various Fluids A
Waters: | Cra
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10" 5 ,
] SANNARAARANAARARAR]
, OW% —0O— starch .
10° 4 000% —0— peanutoil . Np— .
] RN P —A—0.05% poly- - #
- <> . . - .
. lamide solution |-+
o 10% 4 KRR KKK acry ot
© E <><><><><> %jﬂ ~ v PIB at 20°C "
- 101_5 AVARARRAARAAA y 7777ﬁ,hg¥ O%% <j<j<] —o— Cocoa butter lotion i \
% ] W —<1— Shower gel '
S 10°- —D>— Co-polymer 240 °C
2 ]
>
107" 4
i 2 5
g. - 10 R | LR | LR | LR | T T T
_.ﬁ J 1E-3 0.01 0.1 1 10 100 1000 10000

Shear rate y [1/s]

= For non-Newtonian fluids viscosity is a function of shear rate!




Basic Rheological Methods (Steady Shear)
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Waters:

® Common rheological methods for measuring
viscosity of liquids

= Single rate/stress flow

= Continuous rate/stress ramp

= Stepped or steady state flow

= Flow temperature ramp @ 1: | Flow v || Sweep
Sweep
O Steady Shear — | ::E'k Hold
. . mp
o Continuous rotation of upper plate Ramp Loop
o Destroys structure of fluid Temperature Ramp

o Provides information about sample
when flowing

©2022 Waters Corporation
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Basic Rheological Methods (Steady Shear)

®Common rheological methods for measuring
viscosity of liquids

l. Single shear rate steady flow  [I. Stepped or steady state flow
(Peak hold)
(Sweep)
>
g B i il
S %
? > I
9 3 i
@ . @ 1: Flow ¥ | Sweep ~
time Shear Rate, 1/s Sweep
. Peak Hold
lll. Flow temperature ramp IV. Continuous rate/stress ramp ] R
mp
(Sweep) Ramp Loop
Temperature Ramp

Viscosity
Shear Rate

Temperature, °C
Time

©2022 Waters Corporation
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® viscosity is measured when steady state

Peak Hold— Steady State Flow

® Viscosity at a shear rate
¢ Structure Recovery
® Preshear

K time / ® 1: | Flow ~ || Peak Hold ~

Environmental Control

/ . \ has been reached
i ¢ In TRIOS: Flow — Peak Hold
H
G :
- USES

Temperature 25| °C [] Inherit Set Point
Soak Time 1800 | s [#] Wait For Temperature
= |In peak hold, a sample is Test Perameters
held at one shear rate = o )
= The viscosity here would L nhertinfel value
be taken from the plateau =L SR S

@ Controlled Rate Advanced

@ Data acquisition
@ Step termination

2 Waters Corporation



Flow Sweep — Steady State Flow

Viscosity

2 Waters Corporation

-

~
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time j

Shear Rate, 1/s

N
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Waters:

® Step stress or shear rate from low to high
on a logarithmic scale

® Ateach step, viscosity is measured when
steady state has been reached

® In TRIOS: Flow - Sweep

USES

® Viscosity Flow Curves
® Yield Stress Measurements

1: Flow Sweep

Environmental Control
Temperature

Soak Time 1800 s

Test Parameters

Logarithmic sweep

25| °C [] Inherit Set Paint

Wait For Temperature

el | Shear rate 00115 1o 00| s v
Points per decade 5
— Steady state sensing
Max. equilibration time 600 s
Sample period 50|s
% tolerance 5.0
Consecutive within 3

[[] Scaled time average
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Viscosity of Honey: Temperature Dependence
3.0
® 1: Flow Temperature Ramp
2.5 Environmental Control
. ﬁ Start temperature °Cc

~ Saoak time s [+ Wait for temperature
N Ramp rate °Cimin

2.04 End temperature °C

Soak time after ramp s

Estimated time to complete  00:04:00 hh:mm:ss

1.54

Test Parameters

ﬁ | Shear Rate
Sampling interval sipt

@ Controlled Rate Advanced

s

<

1.0

Viscosity n (Pa.s) @

@ Data acquisition
® Step termination

40mm parallel plate
054 Gap: Imm

Shear rate: 5 1/s
Heating rate: 3°C/min
0.0 H————+—

25 30 3 40 45 50 55 60
Temperature T (°C)
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Measure Yield Stress of a Body Lotion

® Body lotion does not flow unless the applied stress exceeds a certain value —
the yield point.

ORE
Environmental Control
Temperature °C [] Inherit Set Point
Soak Time s Wait For Temperature

Test Parameters

Duration s

Mode
@ Linear ) Log

Stress g (Pa)

Yield Stress

(s'ed) U Aysoasip

Initial shearrate | 10/ 1/s to | 1000 s v

[T Inherit initial value
[ Inherit duration

04 ‘ ‘ ‘ ‘ ‘ ‘ : : : Lo ;
00 01 02 03 04 05 06 07 08 09 10 ‘Sﬁmp"“g'"‘e""" 10t

Shearrate y (1/s) @ Controlled Rate Advanced
@ Data acquisition
@ Step termination




Rheology Theory and
Experimental Designs

2. Oscilllation Tests




Dynamic Oscillatory Tests W(] ters: (./T—R
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® Apply a sinusoidal strain to the sample at a certain
frequency

® Monitor sample response in stress

® The shift between the input strain and output stress is the
phase angle

Phase angle
0°<35<90°

tress, c* :
[ Y = Yo - sin(wt) ] > <

0 = 0y - sin(wt + 6)




Dynamic Oscillatory Tests W
at

ers'| i
¢ If deformation is small (within the Linear viscoelastic
region) the structure of the sample is preserved
® Provides structural viscoelastic properties of sample
when at rest -
s
Small amplitude Steady Shear:
Oscillatory shear: .
Z_||-€

= Structure is = Structure is Y = Yo - sin(wt)
preserved destroyed

o = g, - sin(wt + §)

©2022 Waters Corporation
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Storage and Loss of a Viscoelastic Material W . (/ﬂ
aters | Cra
Dynamic measurement
| Rubber represented as a vector
I Ball - | Loss
()
ek
I I I| STORAGE
1)
C=l llj A G*
Gu

Phase angle &

0° <3 <90° 8
——— c

tress, o*

Rheological Parameters
= G* = Stress*/Strain
* G’ = G*+cosd
: * G" = G**sind
Strain, & -tan 5 = GG’

= We input either a stress or a strain waveform, and measure the
phase angle between the resultant stress and strain

©2022 Waters Corporation



Storage and Loss of a Viscoelastic Material

\nstrumems

= The three basic waveforms for modulating
strain or stress:

LOSS
c
g X
Amplitude Sweep S M A M i STORAGE
[2)
(constant frequency) g
e Time
%%\ ‘“"A\ A AN %,m
Frequency Sweep % | / \ H \H\/\\,H’\\*(u’\
(constant amplitude) <EE J
Time
|

Time Sweep

Amplitude

(constant frequency and

amplitude)
Time

©2022 Waters Corporation
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Viscoelastic Parameters

Complex Modulus: Measure of materials overall G* = Stress*)
resistance to deformation Strain
Elastic (Storage) Modulus: Measure of elasticity of G = Stres_s*) cos §
material and ability to store energy Strain
Viscous (loss) Modulus: The ability of the materialto " — Stres_s*) sin &
dissipate energy Strain
Tan Delta: Measure of material damping tan § = (%,)
Complex Viscosity: Viscosity measured in an n* = (G_*)

w

oscillatory experiment (o in rad/s)




Dynamic Strain or Stress Sweep (amplitude sweep) Wo’rerS” (/T?

Instruments

® The material response to
increasing deformation amplitude
(strain or stress) is monitored at
a constant frequency and
temperature

® In TRIOS: Amplitude

Stress or strain

¢ > Time
Instrument oscillates at a set amplitude for each
data point, and then moves to the next amplitude

1: Oscillation Amplitude

Environmental Control
USES Temperature 25| °C [] Inherit Set Point

Soak Time 1800 | s Wait For Temperature

® Measure sample LVR

Test Parameters

® Measure yield stress

Angular frequency 100 rad/s e
® Measure non-linear e v
viscoelastic properties - 001] % to 000/% v

(LAOS)

Paoints per decade 5

2 Waters Corporation
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Dynamic Strain or Stress Sweep (amplitude sweep)
Linear and Non-linear Viscoelasticity W(]TGI’S"‘

F(AAFVAV’\ V,\VI\ “\AL LDPE Frequency Sweep 180°C
o e e i

N

Instruments

= Ateach data
point, sample is J I —

. y 2N
oscillated for set 104 /NN T
number of time s T s 2

— A r Q.
(or cycles) o . 5

. / \ e S

3 103 A\ %

o \ 7]

1S AN /S »

S \‘\._\x"/ <

S 103 E

? oz

End of LVR
101 ‘ ‘ \\ﬂ ‘ ! 102
10" 100 101 102 103 104
Oscillation strain y ("/2
SAOS

= Linear region: Sinusoidal excitation - Sinusoidal response
=Represented by fundamental in frequency domain

orporation



Frequency Sweep

Amplitu

Time

Waters:

The material response to increasing
frequency (rate of deformation) is
monitored at a constant amplitude
(strain or stress) and temperature.

In TRIOS: Frequency

N

Instruments

USES

® Measure polymer relaxation
¢ Measure polymer Mw/ MWD

® Scouting differences of viscoelastic
properties between formulations

©2022 Waters Corporation

1: Oscillation Frequency

Environmental Control

Temperature 25 °C [ Inherit Set Point
Soak Time 1800 | s Wait For Temperature
Test Parameters

Strain % 01 %

Logarithmic sweep

Angular frequency 1000 | rad/s to 0.1 rad/s

Paoints per decade 5

W




Frequency Sweep

Storage modulus G’ (Pa) /A

4-5-22 KC Eng Melt Ring HR - Sample 1

10° - 104
] ;
I
]
g 1044
)
E - 10°
=) .
8
E 3
@ 10E
S ]
)
102 102

©2022 Waters Corporation
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Complex Viscosity,
storage modulus, loss
modulus, and tan delta
are obtained as a
function of angular
frequency

This is an analogue to
the flow sweep test, with
the addition of
viscoelasticity

Here we consider
angular frequency and
complex viscosity,
rather than shear rate
and apparent viscosity




Frequency Sweep (Cont.)

1072
105

10°-

Storage modulus G’ (Pa) A
Loss modulus G” (Pa) l

102

1014

- Storage modulus G’
1 = Loss modulus G
1 -« Complex viscosity n*

Tref =170C

103

102 10' 10° 10' 102 10® 10* 10

Angular frequency w (rad/s)

5105
7104
7103
7102

10

5

& (s'ed) U Aysoosia xejdwo)
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Waters:

Frequency sweep data taken
at multiple temperatures can
be shifted using time-
temperature-superposition
(TTS) to generate a master
curve (extended frequency
range)




Oscillation Time

Amplitude

Time

N

Instruments

Waters:

The material response is monitored at
a constant amplitude (strain or stress)
and frequency.

In TRIOS:Time

USES

® Sample Stability (Settling,
thermal degradation)

® Sample recovery after shear
(Thixotropy)

¢ Structural changes with time
(viscoelasticity)

¢ Curing, Gelation

@ 3: Oscillation Time

Environmental Control

Temperature 10 *C Inherit Set Point
Soak Time 0.0 = | Wait For Temperature
Test Parameters
Duration 3600.0 E
Sampling rate 1.0 pta's
Strain % 25 %
Single point
Frequency 1.0 Hz

aters Corporation



Oscillation Time

102

1074

100

Storage modulus G’ (Pa) /\
Loss modulus G” (Pa) []

10'1§

30 40
Step time ts (min)

(O (s'ed) «U Aysoosia xejdwo)

Waters: | A

Gelatin solution was
quench cooled from
75°C to 10°C

The oscillation time
sequence was started
once the sample
reached 10°C

The gelation of the
solution is monitored as
a function of time, at
constant frequency and
amplitude

Instruments
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1-5° C/min ° Linear heating rate is
applied, and the material
response is monitored at a
constant frequency and
constant amplitude

Oscillation Temperature Ramp

Amplitude

Denotes oscillatory

measurement ° In TRIOS: Temp Ramp

|
Temperature

Time

1: Oscillation Temperature Ramp

m Environmental Control
® Measure material’s viscoelastic ?Tu:pt 1:;2 ;C Slelhef:;l
propertles VS. temperature End temperature 180 | °C
.. Soak time after ramp 00| s
®  Measure glass transition and R e

sub-ambient transition

Estimated time to complete  01:23:20 hh:mm:ss

temperatures
Test Parameters
Maximize number of points
Strain % 005| %
Single point
Freguency 10| Hz L

©2022 Waters Corporation
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Oscillation Temperature Ramp

*DMA Cantilever data*
107 3
~ ]
= 115.2 °C .
. | ) ® Measure moduli, tan &
O gl 105.5°C "
9 ] and transitions
= ny
3 105.9°C ™ ™
IS ot —
3 1004 5
3 f i g
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 5
@ 107, g ® ABS was heated from
T ] » < room temperature to
2 150°C
3 1 4 .
S 1oe ¢ The glass transition
g : temperature was
faf ' analyzed using three
' os ‘ : ot ‘ ‘ ‘ | | To methods: onset of the
50 60 70 80 9 100 110 120 130 140 150 storage modulus, the
Temperature T (°C) peak of the loss
®Denotes oscillatory modulus, or the peak in
2 measurement 9_3’ tan delta
2 Il
= —| &
Q.
S 5
'_

1-5° C/min

Time

©2022 Waters Corporation



Loss modulus G" (Pa)

Storage modulus G' (Pa)

Time-Temperature Superposition (TTS)

TTS master curve generated at 20°C

10° 10 10°
[l

10¢ Pe < 10°]
L8 <

1074 g 107
L7 _g
o

106 6 oy E 100y
6 32 2
% |

1054 rs 2 4 10°
= <
g s
t4 = o

10 & = 104
Q
L3 ®»

1034 2 109
[2 'é

1024 g 102
L1 E
[e]

101 @ o1l === ‘ ‘ ‘ ‘ ‘ 0
106 104 10+ 10-2 10-' 10° 10" 102 103 104 10° 106 107 10° -40 -20 0 20 40 60 80 100
Angular frequency  (rad/s) Temperature T (°C)

[ Temperature ]

We reviewed Oscillation Temperature Ramps and Oscillation Frequency Sweeps

Time (frequency) and Temperature have an inverse effect on the complex properties for polymers

2022 Waters Corporation
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Rheology Theory and
Experimental Designs

3. Transient Tests
(Creep and Stress
Relaxation)




Transient Tests

Waters: | €

Stress Relaxation . Creep/Creep recovery

Highly elastic

\nstrumems

During use the fabric is
stretched to “constant”
dimensions

Genenc
Socks
Less elastlc |

|

|
c 0 I 2 )
£ 0 L5 3
n N | n S
|
0 time I t, time t,
f = " N
: | . _Strain
Relaxation modulus = Str—e.ss ) Creep compliance J = ——
Strain Stress




Stress Relaxation

N
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Waters:

Strain is applied to sample instantaneously (in principle) and held constant with time.
Stress is monitored as a function of time o(t).

Stress
Relaxation modulus =
- Strain
— 1: Step (Transient) Stress Relaxation
(/) Environmental Control
Temperature 25| *C [ ] Inherit Set Point
Soak Time 1800 | s Wait For Temperature
O ti m e Test Parameters

Dwration 3000 | s
% Strain 100 9% v

Sampling O Linear (® Fast

[] Steady state sensing

©2022 Waters Corporation
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Stress Relaxation
Waters:

Strain is applied to sample instantaneously (in principle) and held constant with time.
Stress is monitored as a function of time o(t).

‘} A .
Pure Elastic
A _
to time
%) Pure Viscous e
c|! 0 \
S | Sl |n
i # ‘ ‘,\r {
:: to time - F‘“g
ty time Viscoelastic

ters Corporation



Stress Relaxation
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Waters:

108
-+ =+ Lotion
105; + 2 Toothpaste
' ;o g + = Exfoliante
= 43 o ;;\ ++Honey
o 0% :
G 103l
" E
= :
3 102,
o) ]
= ]
10"
100 ‘ ‘ ‘ ‘
102 101 100 101 102 103

Step time ts (s)

¢ Testusing a 40mm sandblasted parallel plates at a strain of 5%

Waters Corporation
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Creep Recovery

° Creep: Stress is applied to sample
instantaneously at t;, and held constant for
a specific period of time. The strain is
monitored as a function of time (y(t) or &(t))

®  Recovery: Stress is reduced to zero at t,,

. . . , Strain
and the strain is monitored as a function of Creep compliance J = ———
time (y(t) or (1)) Stress

1: Step (Transient) Stress Relaxation
Environmental Control

%) Temperature 25| *C [ ] Inherit Set Point

8 Soak Time 1800 | s Wait For Temperature

=

0p)] Test Parameters

Duration 3000 | s
% Strain 100 % v
Sampling O Linear (® Fast

t, time t,

[] Steady state sensing

22 Waters Corporation




Creep Recovery (/«W
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Instruments

Waters:

Pure elastic

¥ Step Stress 4
A
to t; time g
7] H : A .
0| ; Pure viscous
<Al E —) | -
0| ; S|
i 5 N
t t time 0 t time
Viscoelastic

to t; time




Creep Recovery

Creepoc >0 !

/| o

Strain

|
|
|
|
|
I
|
|
|
|
|
Creep Zone !

U oY)
Strain rate decreases with time |
in the creep zone, until finally 1
reaching a steady state. [
1
[

NAS=23
Waters: | 71

\nstrumems

Recovery o =0 (after steady state)

Less Elastic

More Elastic
Recovery Zone

time
In the recovery zone, the viscoelastic fluid recoils,
eventually reaching a equilibrium at some small
total strain relative to the strain at unloading.

Mark, J., et. al., Physical Properties of Polymers, American Chemical Society, 1984, p. 102.

ters Corporation
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+60Pa r
+50Pa '

Creep (Yield Stress)

Lotion 25°C

+~40Pa
< =30Pa

® Compliance
deviates above 30
Pa of stress

Compliance J(t) (1/MPa)

® Yield stress can be
observed between
30 and 40 Pa

0O 20 40 60 80 100 120 140 160 180
Step time ts (s)




Creep Recovery (Elasticity)

N

Instruments

Waters:

50 -
Creep step: Stress >0 | ==
| e '
40 - Recovery step: Stress = 0 ' - AL
g 30 -
£
S I
B 20- :
I
I Good
10 - |
I
I
0 L) ! T T
0 300 600 900 1200

Time (s)
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DMA Testing modes NW7a)
: Waters: | Cra
_ ] Glassy v i 1
Overlapping tests with the Rheometer  Sold sl |
- ' i
= Creep and Stress Relaxation ;
= QOscillation tests ) ——
2 | Behavior
g : : PN
= 2 ' ! N
- | i R
Unique to DMA (Both DHR and DMA850) W | N
« Monotonic testing (pull to failure at a . ’t 5
emperature

specified rate)

Unique to DMA850
* Fatigue Testing
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Monotonic Testing — DMA Tension WOITGI’S”

Battery Separator Films

2.0x108
= Pull sample at one rate 1 L 37C 1
= Generate Stress vs 1 +37C2
i 1.5x108-
Strain plot : ] P asnana +37C3
@ \
£ P +87C1
© Al !

@ 1: Other Axial o 1 0X1 O 8 | é" k “I -+ 870 2
Environmental Control -~ ) | -I i . 2 870 3
Temperature 25| °C [] Inherit Set Paint 6" 3 . ':

Soak Time 1800 | s Wait For Temperature " :| 4 1 3?C 1
Test Parameters g 5 0X1 O 7 ; . Il: - 1 3?0 2
Duration 660 | s — ) o
= | ol *137C 3
Motar direction @® Tension ) Compression (D |
Constant linear rate 05 mm/s ~ 0 |
, 0.0x10°
Angular Velocity 00|rad/s ~ |
Sampling @® Linear () Fast
Initial time between samples 10/s N
[] Adjust time between paints -5 . 0X1 0 7 T

(© Data scaiston 0 50 100 150 200 250
@ Step termination
Strain € (%)

22 Waters Corporation




TA Website — Other Resources

Tech Tips

— g [

Instatation &

Shear Sandwich Clamp _Threa Point Bend Instaliation and
Cakiration of the instasation & Clamg Installation & Calibration for the UV
the Aren

v
02 Rheometer

2 -

Loading the Powder

Accessory for the
Discovery Hybeid
‘Rhwometer

i dl v d

‘single Cantilever Dual Cantitever
Instaation & instatation &
Calibeation - DMA 850 Calibeation - DMA 850

.covery DMA 850 DMAESO

Linear Film Tension
Clamp for DMA using

MA
Cantilever Clamp

S RS-

Frequency Sweep _Improving Structured  Measuring Thixotropy
Tests for RPA Flex and  Flusd Measurements w/  Of A Sample- TA
RPAT Pre-Shearing TechTipn

Applications Notes Library

Applications Notes Library

risty of prod The sgplization rot

cations. You can e with the search field.

theckagy|
Tive Froduct Caegory  Rety Link.

Hot Men Agneses Rreciogy P [ ——
Generating Mastercurves Rneciogy prss Domnicad Noke
Arshtcal Rnecicay Rneriogy . Gomniesa N
Narmal Sresses in Shea Flow Rresiogy P Domniosa ok
Mischuagstegein Komplexer Polyersysizme Rneoiogy P o N
Mg RIS for COMReX Pomar Sysiems Rreckoor anoos DowTioan ok
Apphcation of Rhediogy f Polmers Rwoiogy e Oomnicad Note
Symergy of the Combined Appiication of Thermal Rnesiogy asviine nmicas Nore
PR —

Cnangig Processes in Marerss

orporation

N

Instruments

Waters:

Seminar Series: Instant Insights
Seminars:

Thermal, Rheological and Mechanical Characterizations of Thermoset
Thermal Analysis and Rheology

Medical Device and Biomaterials Testing

Elastomers and Rubber Compounds

TRIOS AutoPilot & TRIOS Guardian

in the Cl

ization of P! by DSC

simple, yet p

of pharmaceutical materials,

npatibility of a specific formulation

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

Justin Wynn

in this presentation

measure the critical he:

conductivity.
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