Waters: | @7a

Instruments

8 "~ Pacific Heat and Wave Flow: Day II
= Section lI: Intermediate Rheology Methods

Keith Coasey PhD
Rheology Applications Engineer

TA Instruments — Waters LLC



®)

Recall - Rheometer Geometries A
Waters: | Cra
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Presenter Notes
Presentation Notes
Before running an experiment one must also select the best geometry for the measurement.  This slide displays four classes of geometries and the typical range of materials they are used to test.  For this course we will demonstrate procedures using a parallel plate, most of which will also associate for cone and plate geometries.
Torsion measures shear modulus.




Assess material to test

N
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= How to Select a geometry configuration ! Cheene Clee Forar Resnar
for a material? |
Estimate sample viscosity — concentric cylinder, I
plates, or torsion — plate size .
Volume requirements- concentric cylinder I
requires 6-25mL of sample depending on rotor, 1 —— -V:L-
plates require much less I o Medm J&E';Z'ﬁy m\\/é%?yf’s:}:;ds Wi moduls
Particle size, settling or mixing necessary — "
: th .
particles must be less than 1/10'" of the gap size . Water # to # Steel
Loading procedure for structured substances I
(Pre_shear) I | T IIIIIII| T IIIIIII| T IIIIIIII T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIIII T IIIIHI| T IIIIIII| T IIIIIII| T IIIIlII|
, - 10° 10 10' 10° 10° 10’ 10’
Evaporation — seal sample edge, solvent trap, or | Viscosity

RH accessory

Surface slip and edge fracture — geometry
surface: smooth sandblasted, crosshatched

Concentric Cylinders (or Cups) and Rotors (or Bobs)

50 mm 60 mm

Smooth, Sandblasted, and
Cross hatched

[ 13
TTT
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Organization of talk
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We will cover
applications from low
to high viscosity
materials

Geometry and
configuration
considerations will be
highlighted

Concentric Cone and Parallel Torsion
Cylinders Plate Plate Rectangular
e iy Volm ke
Viscosity Viscosity to Soft Solids Solids u
Water q to # Steel
| T |||I||I| T IIIIIII| T ||l||||| T II|||I|| T IIIIIII| T ||||||I| T ||||III| T IIIIIII| T llllllll T ||||III| T ||||||I| T IIIIIII|
3 -1 1 3 5 7 9
10 10 10 10 10 10 10
Viscosity
Low Viscosity Strong Polymer melts,
Solutions, emulSions, || Structured  |elpy- asphalt, -
suspensions, weak fluids, gels, thermosets
structured fluids adhesives

©

©

®©

©

Concentric Cylinders (or Cups) and Rotors (or Bobs)

BB

¥

)

FTTITTT
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Cones and Plates

iTTT

8mm 20 mm 25 mm 40 mm 50 mm

Smooth, Sandblasted, and
Cross hatched
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Newtonian

= Newtonian — Viscosity is independent of shear rate

n Pas

= Non-Newtonian — Viscosity is dependent on shear rate

o  Neat Fluid Gory
o  Polymer melt
o  Structured Fluid

[ Shear Thinning ]

. Yield stress
*  Thixotropy
*  Viscoelasticity g
=
Gory
( \ [ Shear Thickening ]
® Three cateqgories of Structured Fluids
o Suspension - Solid particles in a fluid
o Emulsion - Fluid in a fluid g
o Foam - Gas in a fluid (or solid) -
\ .
gory

©2022 Waters Corporation
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[ Newtonian | [ ShearThinning ] (__Shear Thickening ]
s = =
° What shear rate? ey Cory Gory

1) Sedimentation

2) Leveling, Sagging 4) Chewing, swallowing

3) Draining under gravity 5) Dip coating *Shear thickening can
: 6) Mixing, stirring occur for suspensions
| 7) Pipe flow with sufficiently high

: loading*
& I
o : . . I
L | | 8) Spraying and brushing | .
: 9) Rubbing . /|
| 10) Milling pigments | .
: 11) High Speed coating .
| ' /
: - L
: L
| 5 -

: 6 8-_i
1.2 [ 3 ] 7 10 11

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 1.00E6
shear rate (1/s)

©2022 Waters Corporation
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Classes of Fluids WO.I.erSm

*In the next several
examples, | will demonstrate
common neat fluids*

Structured
Unstructured 7
N\
_ Suspension
Neat Fluid

Examples are:

o Paints
o Coatings
o Inks
Examples are: (® Three categories of Structured Fluids ) o Adhesives
o Water o Suspension - Solid particles in a fluid| ~ ©  Personal
o ol - . Care Products
o Honey o Emulsion - Fluid in a fluid o Cosmetics
o Foam - Gas in a fluid (or solid) o  Foods




Low Viscosity
Solutions, emulsions,

suspensions, weak Common Neat F|U|d - Water

structured fluids

[©) Flow Sweep Experiment
PREEDRN Water =) {0 ====Pp Steel
I m
A\ 100 7 10! 10" 10° 10° 107 10°
Y W Viscosity

0.010

0.009 4 40mm PP 1mm Water

= 40mm 2 Deg Cone Water

0.008 o DIN CC Water

~<40mm 2 Deg Cone N1 Oil
0.007
Surface tension

0.006 at low torques

G (Pas)

0.005

Secondary flows

0.004 at high shear rates

Viscosity
.

0.003

0.002

0.001

0.000

T T T T
10 2 10 1 10 o 10 1 10 2 10 s

Shear rate S (1/s)

» Water is possibly the most well-known Newtonian fluid

» Viscosity is 1 mPa*s at 20°C

+ This is additionally observed for water-based formulations
» For a more complete flow curve, a concentric cylinder geometry is required
For plates - Use a large diameter geometry with a smaller gap

©2022 Waters Corporation
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| Newtonian I

n Pas

P
N
cory

Right tool for the job:

Concentric
Cylinders

Very Low
to Medium

\ Viscosity /

Runner up:
40-60mm parallel plates




Low Viscosity
Solutions, emulsions,
suspensions, weak

s e | Common Neat Fluid 2 — Olive Ol

Viscosity n (Pa.s)

[©) Flow Sweep Experiment
Water —) ) Steel

to

da e Viscosity

. 107

103

109

+10-1

» 102

L1101

L 100

L1410

101 100 10"
Shearrate y (1/s)

Viscosity is 1 Pa*s at 20°C

Oil based fluids typically don’t have the same surface tension effects at with water

Geometry selection will come down to sample volume

©2022 Waters Corporation
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I Newtonian I

n Pas

cory

(Riqht tools for the iob:\

Concentric Cylinders

]

40-60mm parallel plates

g




Low Viscosity
Solutions, emulsions,

suspensions. weak | Common Neat Fluid 3 — Honey

structured fluids

[©) Flow Sweep Experiment WCITeI’S“"

N

Instruments

I Water ===y {0 ===l Steel . | shear Thinning ]
107 107 10" ,’\/_103 . Moot 10" 10° i
“ ISCZ:SI y/ "
10 4 S = 10 4 D«_s:
] =
3 cory
—~ 10 3 | (7] ( \
? ] = . .
S 8 Right tool for the job:
= 2 20-60mm parallel plates
> o
= (Y
2 10 2 | =
o ]
2
S 1
10 1 0
10 4 10 3 10 =2 10 4 10 o 10 1 10 2 \ )

Shear rate Y (1/s)

+ Viscosity is approximately 5000 Pa*s at 25°C

* Non-Newtonian Neat Fluid

* Honey is quite viscous and sticky, making it more suited to a plate geometry rather
than a concentric cylinder configuration

©2022 Waters Corporation
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Classes of Fluids

Unstructured

el N
Neat Fluid

Low Viscosity Strong
Solutions, emulsions, —] Structured
suspensions, weak fluids, gels,
structured fluids adhesives

*We will now turn our attention to structured fluids*

v

Structured

o N

Suspension Emulsion

Examples are:

o Water
o Ol
o  Honey

ers Corporation

" Three categories of Structured Fluids

o _Suspension - Solid particles in a fluid
o Emulsion - Fluid in a fluid

o Foam - Gas in a fluid (or solid)

N

Instruments

Waters:

Examples are:

o Paints
Coatings
Inks
Adhesives

Personal Care
Products

Cosmetics
o Foods

O O O O

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

Thixotropy

= The fluid structure can have a yield At
Rec

stress and a recovery time

under shear Shear removed
0>0yjelq Partial recovery

s | ;;f . €88

00 o ©0 o
High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity

|
i
<
|
i

1
i
>
1
i

Full recovery

©2022 Waters Corporation
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= Considerations for structured fluids

o Particle Sizes
o  Wall Slip

o  Viscosity

= Particle sizes must be less than 1/10t of the gap size

= Parallel Plates are best suited, since the gap can be varied

Cone and Plate Parallel Plates

UNIORO R + Variable
=4 Fixed e°°e°ee°o%°%e°°°°°°e 000000 I gap
gap Typical:

I Truncation Height = Gap I

0.5-2mm
Gap can be adjusted
Common gap at 0.5-2mm

Cone Angle (°) Gap (micron)
0.5 18
28
52
104

022 Waters Corporation
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= Considerations for structured fluids AX FO
o Particle Sizes >
o  Wall Slip HI—"

o Viscosity *’

= We assume a fluid velocity of zero at the wall

Parallel Plates: = Slip is the occurrence of non-zero wall velocity

S |fusing parallel plates:
e *  Use sandblasted or crosshatched plates

Increase plate gap

If using concentric cylinder:
* Use sandblasted cup and rotor
» Use grooved cup with vane or helical rotor

©2022 Waters Corporation



Properties of Structured Fluids

= Considerations for structured fluids

o Particle Sizes

Waters: | C7a

Instruments

o  Wall Slip
o Viscosity

= Sample can readily flow:

o
o
o

Concentric

; Parallel
Cylinders Plate
Very Low
tginrﬁgiz\:\: Viscosity
i i to Soft Solids
Viscosity

= Wide range of samples:

Shampoo o  Toothpaste
Eye drops o Ketchup
Infant forumla o Paint

***Additionally noting surface tension effects for parallel plates

2 Waters Corporation



General Viscosity Curve for Suspensions WCIerrSm
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logn

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

N First

Newtonian et
Plateau - Possible
Second - Increase in
Power-Law = Newtonian : ' >cOSV

Shear Thinning Plateau

o oz p™ or, equivalently, n oy
m is usually 0.15 to 0.6

log y

Reference:Bames, H.A., Hutton, J.F., and Walters, K., An Introduction to Rheology,
Elsevier Science B.V., 1989. ISBN 0-444-874569-0

©2022 Waters Corporation



General Viscosity Curve for Suspensions

Brownian motion
random orientation

Shear field aligns

Waters: | C7a

Instruments

Hydrodynamic

interactions push
particles out of
alignment. Temporary
hydro-clusters form,
increasing the effective
volume fraction and
leading to shear
thickening

Iog N particles along
streamlines
®
° '.o » 090 o0
eocce B °0
o %o 0 OO0 U A )
o0 o o
[

Shear thinning Shear thickening

..3/‘:'3

Trapped Continuous
Phase Volume

2 Waters Corporation



Characterization of Structured Fluids

Waters: | C7a

Instruments

= Qverall, we want to characterize several relevant properties of structured fluids:

I.  Flow Curve (Newtonian or Non-Newtonian)

II. Yield Stress
[II. Thixotropy

I\V. Viscoelasticity (complex mechanical properties)

Newtonian
Plateau

Power-Law /

Shear Thinning

logn

oo ym or, equivalently, n s 7™
mis usually 0.15 10 0.6

Second

Newtonian :

Plateau

< Possible
: Increase in
¢ Viscosity

logy

1. & 1.

under shear Shear removed
0>0yield Partial recovery Full recovery

High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity

| - Viscosity (Liquids)
IV. jﬂe\ W - —'7 - .

©2022 Waters Corporation
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= OQverall, we want to characterize several relevant properties of structured fluids:
l. Flow Curve (Newtonian or Non-Newtonian)

II.  Yield Stress

[ll.  Thixotropy

IV. Viscoelasticity (complex mechanical properties)

Water Based Adhesives
10 2
. @ Formulation A
;\@\ Storage Stablllty @ Formulation B
Transporting
10 Mixing
o Stirring
_ Pipe flow
- )
S, Right tool for the job:
oo o & & o
N 20-60mm parallel plates
10 -1
Coating
Application
10 2 ; , : :
10 2 10 -1 10 o 10 1 10 2 10 3
Shear rate S (1/s) \ )

©2022 Waters Corporation
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Properties of Structured Fluids

Flow Curve (Newtonian or Non-Newtonian)
Yield Stress
Thixotropy

Viscoelasticity (complex mechanical properties) |

® Common methods
Stress ramp
Stress sweep

Shear rate ramp

Dynamic stress/strain sweep

v
I

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

©2022 Waters Corporation

at rest
cKc’yleld

Overall, we want to characterize several relevant properties of structured fluids:

under shear
0'>0y|e|d

C\/

Waters:

Shear removed
Partial recovery

T Fo o 3 R
ﬁeﬁés&o §§%°%O At | Bog
ee:cea eec—bcg% coc/mmp £,
00 o 00 e?g%* d

High viscosity
Elasticity

Structure destroyed

Shear thinning

Viscosity & elasticity

recover over time

Rotational stress is stepped in increments
Ramp between initial and final stress within time interval

Oscillate at strain within LVR, then outside the LVR, and
then back inside LVR

Ramp between initial and final stress within time interval
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= OQverall, we want to characterize several relevant properties of structured fluids:

at rest under shear Shear removed

l. Flow Curve (Newtonian or Non-Newtonian) et . Partial recovery Full recovery
Il. Yield Stress &° o
—_ Yield o | At
lll.  Thixotropy — o ~
. . . . . 00 :
IV VISCOG|aStICIty (Complex meChanlcal propertles) High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity
® Common methods
1400 400
o Stress ramp #1 I
o Stress sweep g1
1200 5 |- 350
o Shear rate ramp il —
o Dynamic stress/strain sweep [ 300
1000 | L »
3
¢  Stress ramp from 0 to 200 Pa in @ [ 250 2
(0] [ -
60 seconds o 800 | I ol
®  Yield is determined at the point o 200
where viscosity shows a peak .. 600 | Peak viscosity=1237 Pa.s I »
g 1 Yield stress= 27.1 Pa (150 =
w
o ~
L L
(" Right tool for the job: ) > a0 | o0
20-60mm sandblasted
parallel plates 200 i 5
0 ‘ e | 0
0O 10 20 30 40 50 60 70 80 90 110 130 150 170 200
Stress A (Pa)




Properties of Structured Fluids
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= OQverall, we want to characterize several relevant properties of structured fluids:

l. Flow Curve (Newtonian or Non-Newtonian)

Il. Yield Stress

lIl.  Thixotropy

IV.  Viscoelasticity (complex mechanical properties)

® Common methods
o Stress ramp #2
o Stress sweep
o Shear rate ramp

o Dynamic stress/strain sweep

(" Right tool for the job: )

20-60mm sandblasted
parallel plates

22 Waters Corporation

A (Pa)

Stress

70

at rest

under shear

Shear removed

O<Oyielg 0>Oyielg Partial recovery Full recovery
v |8 odo | & |€
55° 000RS 6%& &
00 00 o
High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity

60

50

40

30

20

Yield stress = 56 Pa

Bingham Model:
g=a,+ny

0.10

0.20

Shear rate

0.30

S (1/s)

0.40 0.50




Properties of Structured Fluids

= OQverall, we want to characterize several relevant properties of structured fluids:

l. Flow Curve (Newtonian or Non-Newtonian)

Il.  Yield Stress
lIl.  Thixotropy

IV.  Viscoelasticity (complex mechanical properties)

® Common methods

Stress ramp

Stress sweep #1

Shear rate ramp

Dynamic stress/strain sweep

(¢]

o O O

(" Right tool for the job: )
20-60mm crosshatched
parallel plates

2 Waters Corporation

G (Pas)

Viscosity

Waters:

at rest under shear
G<Oyieiq 0>0yjelg
Yied |6 eﬁé@
- e
P oo
00

High viscosity
Elasticity

Structure destroyed

Shear thinning

Shear removed
Partial recovery

N

Instruments

Full recovery

Viscosity & elasticity

recover over time

1
10 6 1 1 10
1 1
1 1
1
\ 10
10 5 | 1
1
1 10
| =
10 4 | : : l\ Y'
S 1
Yield = 102 Pa | 4 0
10 s | | 10
1
1
10 2 | |
1 !
¥ 1 10
1 1 \
10 1 | 1 |
1 1 10
1 1
@ 1 1
10 o : T : 10
10 + 1 10 2 10 3

Stress

A (Pa)

High viscosity
Elasticity

ojel Jeays

(s11) s
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= OQverall, we want to characterize several relevant properties of structured fluids:

I.  Flow Curve (Newtonian or Non-Newtonian) by unﬂi:,j:: o e Ep—
Il.  Yield Stress ’ ;"e@;? % &l 3 '
. Thixotropy — we:f :
IV VISCOG|aStICIty (Complex meChanlcal propertles) High viscosit 7 Setriture destroyed Viscosity & elasticity High viscosity V
Elasticity Shear thinning recover over time Elasticity
® Common methods Yield Stress Measurements on Toothpaste
@] StreSS ramp 1.0E7 =
o Stress sweep #2
o Shear rate ramp 1 0E6 - T,<18Pa
o Dynamic stress/strain sweep — T,=105Pa
1.065 - ? j
-
S 10000 -
° Incidence of wall slip is often observed when % °r°‘°’|r::L°hed smlgf’;h
testing structured fluids & oo 4
g
®  Wall slip shows artifact yield
100.0 =
100 4 = Smooth plate

=== Crosshatched plate

1.0 T T
10 10.0 100 1000

Shear Stress (Pa)

©2022 Waters Corporation
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= OQverall, we want to characterize several relevant properties of structured fluids:

at rest under shear Shear removed

. Flow Curve (Newtonian or Non-Newtonian) o . e Fullvosovery
Il.  Yield Stress ° e@ﬂb §9%° %3 L ogef
Yield # 2 |
. Thixotropy m— (o0 ﬂ%% cocjmmp
y &P oo e%%ee P
; i ; ; g ) 00 -
IV VlscoeIaStICIty (Complex meChanlcal propertles) High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity
® Common methods 10 - 10 +
o Stress ramp —
o Stress sweep #2
o Shear rate ramp 10 1 |
o Dynamic stress/strain sweep
[ 10 o
@ ¢
®  Shear rate ramp down from 500 @ 100 ] 2
to 0.001 1/s a &
e e O
° Yield is identified by the stress >
plateau > 10 D
° Suitable for weak structures g 10 4
! L
2
(" Right tool for the job: )
20-60mm sandblasted 10 2 |
parallel plates
10 s : : : 10 =2
10 3 10 =2 10 -1 10 o 10 1 10 2 10 3
Shear rate S (1/s)

Waters Corporation
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= OQverall, we want to characterize several relevant properties of structured fluids:

l. Flow Curve (Newtonian or Non-Newtonian) under j::ar gg;:lr;?zxs Fulsoray
Il. Yield Stress P So §,¢9%° %% AR,
5 Yield o | At Aty
lll.  Thixotropy | —p ks —D:%% codmmp 52
00 00 e?e, o] d
IV VlscoeIaStICIty (Complex meChanlcal propertles) High vis_c_osity Structure de_ast_royed szcoslty&elas_ticity High vis_c_osity
u Common methods Elasticity Shear thinning recover over time Elasticity
o Stress ramp 10,
o Stress sweep #2
Yield=53.8 Pa

o Shear rate ramp :—@—@——@__@\a

o Dynamic stress/strain sweep ] >

© Dynamic stress/strain sweep test on |
Mayonnaise ]

° Yield stress is signified at the onset of G’ o
vs. stress curve 10,

° Yield determined by this method indicates k -
the critical stress at which irreversible 1 he Qq
plastic deformation occurs e—e—e—e—e ( & <

(" Right tool for the job: ) | ) =+

0 (Pa)
(Pa)

Storage modulus
Loss modulus

20-60mm sandblasted
parallel plates

10 1 :
10 o 10 1 10 2 10 3

Oscillation stress

Waters Corporation



Properties of Structured Fluids
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= OQverall, we want to characterize several relevant properties of structured fluids:

l. Flow Curve (Newtonian or Non-Newtonian)

Il.  Yield Stress
lll. Thixotropy

I\V.  Viscoelasticity (complex mechanical properties)

® Common methods
o Stepped Flow (3 step)
o Stepped Dynamic (3 step)

o Stress ramp up and down
(thixotropic loop)

o Dynamic time sweep after
pre-shear

Experimental:

Shear Rate (1/s)

Application

Time (min)

Step 1: Low Shear (e.g. 0.1 1/s), state of rest
Step 2: High Shear (e.g. 10 1/s), structural destruction
Step 3: Low Shear (e.g. 0.1 1/s), structural regeneration

©2022 Waters Corporation

at rest under shear Shear removed
O<Oyieid 0>0yieid Partial recovery Full recovery
Yield ¢ #&s Aty g o | At
. oo cod mmm) cocmmp
Qﬁ?c@o%e’J o
00 O 00 o
High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity

Stepped Flow (3 step)

Post application
(recovery)

High Structure

recove

Viscosity (Pa.s)

Time (min)

29
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= OQverall, we want to characterize several relevant properties of structured fluids:

at rest under shear Shear removed

. Flow Curve (Newtonian or Non-Newtonian) Pty piuly ElEe F—
Il.  Yield Stress : - ;ﬁ’?ﬂ & © 3, -
Yield 659&@ Aty o :
ll.  Thixotropy il S ks B W
IV VlscoeIaStICIty (Complex meChanlcal propertles) High viscosity Setrg:ture destroyed \?s?osit ﬁsticity High viscosity -
Elasticity Shear thinning recove); overtime Elasticity
® Common methods
o Stepped Flow (3 step) 120
o Stepped Dynamic (3 step) ] Paint

o Stress ramp up and down
(thixotropic loop)

o Dynamic time sweep after
pre-shear

Leveling problem

Good Performance

Sagging problem

G (Pas)

Viscosity

4 )

Right tool for the job:
20-60mm parallel plates

Waters Corporation
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= OQverall, we want to characterize several relevant properties of structured fluids:

f H at rest under shear
I.  Flow Curve (Newtonian or Non-Newtonian) i ity Rl P p—
IIl.  Yield Stress - & oo gg%e %3 2
Yield SR | At A
. Thixotropy | — [0 — 53% S mdi
) 00 e?e,
IV VISCOG|aStICIty (Complex meChanlcal propenles) High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity

® Common methods .
o Stepped Flow (3 step) Stepped Dynamic (3 step)
o Stepped Dynamic (3 step)
o Stress ramp up and down
(thixotropic loop)
o Dynamic time sweep after . Structure
pre-shear outside LVR High recovery

within LVR within LVR
ANAAN AN
VVVV\UUUU \/V\/\V/\\

Time (min)

Strain (%)
Modulus G’ (Pa)

Time (min)
Experimental:

Step 1: Oscillate within LVR, state of rest
Step 2: Oscillate outside LVR, structural destruction
Step 3: Oscillate within LVR, structural regeneration

©2022 Waters Corporation 31




Properties of Structured Fluids
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= OQverall, we want to characterize several relevant properties of structured fluids:

. Flow Curve (Newtonian or Non-Newtonian) i e Y E—
) — -
Il Yield Stress o o
Yield #ée Aty
. Thixotropy | —
: P oo’
I\V.  Viscoelasticity (complex mechanical properties) oS
. High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity
® Common methods
o Stepped Flow (3 step) 102 e ~~ - —
/ . N\ N —owon
o Stepped Dynamic (3 step) / JARNAN
o Stress ramp up and down / \ \ \

(thixotropic loop)

o Dynamic time sweep after
pre-shear

ial G’

(Pa)
(Pa)

(" Right tool for the job:
20-60mm parallel plates

Storage modulus
Loss modulus

Experimental: 1
Step 1: Oscillate within LVR, state of rest 0 100 200 a0 a0 s06 e
Step 2: Oscillate outside LVR, structural destruction
Step 3: Oscillate within LVR, structural regeneration

©2022 Waters Corporation
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= OQverall, we want to characterize several relevant properties of structured fluids:

at rest under shear Shear removed
0<Oyielg 0>0yieid Partial recovery Full recovery

l. Flow Curve (Newtonian or Non-Newtonian)

; T
Il.  Yield Stress / & o
Yield H&Bo | A

lll. Thixotropy i o —

. IXOotro P
IV.  Viscoelasticity (complex mechanical properties) L

° High viscosity Structure destroyed Viscosity & elasticity High viscosity

Elasticity Shear thinning recover over time Elasticity

® Common methods
o Stepped Flow (3 step)
o Stepped Dynamic (3 step)

o Stress ramp up and down
(thixotropic loop)

o Dynamic time sweep after
pre-shear

Stress (Pa)

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

Time (min)

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

® TA Tech Tip:

©2022 Waters Corporation



Properties of Structured Fluids

N

Instruments

Waters:

= OQverall, we want to characterize several relevant properties of structured fluids:

l. Flow Curve (Newtonian or Non-Newtonian)
Il.  Yield Stress

Ml
V.

Thixotropy
Viscoelasticity (complex mechanical properties)

Common methods
Stepped Flow (3 step)
Stepped Dynamic (3 step)

Stress ramp up and down
(thixotropic loop)

Dynamic time sweep after
pre-shear

O
O
O

(¢]

Ramp shear stress linearly from zero up until
sample flows, then ramp stress back down to zero
Thixotropic index is measured by taking the area
between the up and down stress curves

TA Tech Tip:

A (Pa)

Stress

(" Right tool for the job: )

20-60mm sandblasted
parallel plates

Waters Corporation

110

100

90

80

70

60

50

40

30

20

at rest under shear Shear removed
0<Oyielg 0>0yieid Partial recovery Full recovery
Yield é #é@ Aty g
bl 0Bed
00 00 o
High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity

Mayonnaise, Yellow Mustard, and Ketchup

thixotropy: 63.0 Pa/s

thixotropy: 714.4 Pa/s thixotropy: 1456.0 Pa/s
g &

G

40mm sand blasted plate
Gap: 1mm

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

Ramp down time: 60 sec

36

70 80 920

60 100 110

S (1/s)

40 50

Shear rate



Properties of Structured Fluids

Waters:

N

Instruments

= OQverall, we want to characterize several relevant properties of structured fluids:

l. Flow Curve (Newtonian or Non-Newtonian)

at rest

under shear

Shear removed

0<Oyielg 0>0yieid Partial recovery Full recovery
Il.  Yield Stress ;?;? N §9§ %3 :
Yield 1
ll. Thixotropy ee;f :3% g::-b
ccd% Q
IV VlscoeIaStICIty (Complex meChanlcal propenles) High viscosity Setri:turemyed \Z?os\tyﬁsticity High viscosity
Elasticity Shear thinning recover over time Elasticity
® Common methods
o Stepped Flow (3 step)
o Stepped Dynamic (3 step)
o Stress ramp up and down
(thixotropic loop)
o _Dynamic time sweep after
pre-shear —_
Q) o
Z g
[ O
© ) ()
1 =
5 3
3 o
5 Pre-shear to destroy =
structure
_ . Time (min)
_ Time (min) o
Experimental: E
Step 1: Preshear sample for some duration to destroy structure Té \/\/\/\/\/\/\/\/\/\/
<

Step 2: Oscillation time (strain within LVR) to observe recovery

©2022 Waters Corporation

Time

35




Properties of Structured Fluids

Waters: | C7a

Instruments

= OQverall, we want to characterize several relevant properties of structured fluids:

L.
V.

Flow Curve (Newtonian or Non-Newtonian)
Yield Stress

Thixotropy
Viscoelasticity (complex mechanical properties)

® Common methods
o Stepped Flow (3 step)
o Stepped Dynamic (3 step)

o Stress ramp up and down
(thixotropic loop)

o Dynamic time sweep after
pre-shear

é Right tool for the job: A

20-60mm parallel plates

®  Monitor the increase of the G* as a function of time.

(Pa)
(Pa)

Storage modulus

Loss modulus

10 1

at rest

under shear

Shear removed

0<Oyielg 0>0yieid Partial recovery Full recovery
Yield é #% Aty g
P oo ‘5%&: P
00 O 00 o
High viscosity Structure destroyed Viscosity & elasticity High viscosity
Elasticity Shear thinning recover over time Elasticity
2

structure recovery time
G't) =Gy + (G — G o)A —el/7)

T
0 100

200

300 400 500

Time

® Thixotropic recovery is described by meausring the recovery time (t)

T
600

")

700 800

T
900 1000

©2022 Waters Corporation



Properties of Structured Fluids W
aters’

N

Instruments

= OQverall, we want to characterize several relevant properties of structured fluids:

II.
IV.

® Common methods

o Creep Recovery

Flow Curve (Newtonian or Non-Newtonian) -
. F <o
Yield Stress
Thixotropy ¢
1
Viscoelasticity (complex mechanical properties) Ax I — — iz_ 1

o Normal Stress

o Oscillation Frequency Sweep
o Oscillation Temperature Ramp Recall: G = g
' Y

al=
-<
o~
S
|
-<
=

Force/Stress is applied for a set
duration and strain is measured

After stress is removed, strain
recovery is measured

Stress
uengs

The more the strain recovers, the
more elastic the sample is

t, time t,

©2022 Waters Corporation



Properties of Structured Fluids W
aters’

N

Instruments

= OQverall, we want to characterize several relevant properties of structured fluids:

A
Pm
.

I Flow Curve (Newtonian or Non-Newtonian) / ¥
Il.  Yield Stress

o
Recall: G = —
Y

IIl.  Thixotropy

IV. Viscoelasticity (complex mechanical properties)

® Common methods ] =
o Creep Recovery 14 . o
o Normal Stress —Lotion A
o Oscillation Frequency Sweep 12 —Lotion B
o Oscillation Temperature Ramp

10

Lotion B is less
viscous, and
more elastic

= Compliance and modulus have an inverse
relationship

= In creep step — low compliance implies high
modulus (low strain at a given stress)

= In recovery step — low recoverable compliance 6 4

Y (%)

implies high elasticity (sample fully recovers) -%
n R st -
4 A AT
(" Right tool for the job: ) SN 2
20-60mm sandblasted 2 & ‘ o

parallel plates

(]
100 200 300 400

IS

Time [ ()

Waters Corporation



Properties of Structured Fluids W
aters’

N

Instruments

= OQverall, we want to characterize several relevant properties of structured fluids:
I Flow Curve (Newtonian or Non-Newtonian)
Il.  Yield Stress
IIl.  Thixotropy

IV. Viscoelasticity (complex mechanical properties)

® Common methods

o Creep Recovery Rod Climbing Effect
o Normal Stress l I
o Oscillation Frequency Sweep ' :

o Oscillation Temperature Ramp

Normal Stress Constant

2

KZ — 25em " d
TR 2 ! Newtonian ian

- —\ . .
Right tool for the job: = Normal stress is measured as a function
20-60mm Cone and Plate Of shear rate

= Elastic fluids store energy of deformation,
and push plates apart

©2022 Waters Corporation



Properties of Structured Fluids

Waters:

N

Instruments

= OQverall, we want to characterize several relevant properties of structured fluids: ‘

I Flow Curve (Newtonian or Non-Newtonian)
Il.  Yield Stress
IIl.  Thixotropy

IV. Viscoelasticity (complex mechanical properties)

® Common methods

Creep Recovery

Normal Stress

Oscillation Frequency Sweep
Oscillation Temperature Ramp

O O O O

600

Normal Stress Ny (Pa)

Rod Climbing Effect

01s!

400 |

N1 (Pa)|

250m
Newtonian ian

(" Right tool for the job: )
20-60mm Cone and Plate

| Normal stress
N
S
3

10 2 10 4

©2022 Waters Corporation

Steptime s (s)

—=— Lotion A
—8— Lotion B

I
34 56760 2 3 4 56789
1 10

Shear Rate (s )




Properties of Structured Fluids W a\
aters'| Cra

Instruments

= OQverall, we want to characterize several relevant properties of structured fluids:
I Flow Curve (Newtonian or Non-Newtonian)
Il.  Yield Stress
IIl.  Thixotropy

IV. Viscoelasticity (complex mechanical properties)

® Common methods

o Creep Recovery 10 3 10 4
© Normal Stress Lotion B (Closed)
o Oscillation Frequency Sweep . o
o Oscillation Temperature Ramp Lotion A (Open) 3
= 110 T
T T %
a <
= The complex viscosity of the two © §
lotions is very similar © 2
. o 10 10
= However, the viscoelasticity is very * 4 S
different between the two 2 5
o >
o T =
E &
( Right tool for the job: ) % @ 1 10 1 ;ﬁ
20-60mm sandblasted s S )
parallel plates 2
10 1 : : : 10 o
10 =2 10 -1 10 o 10 1 10 2 10 3

Angular frequency W (rad/s)

©2022 Waters Corporation



N

Instruments

Properties of Structured Fluids W
aters’

= OQverall, we want to characterize several relevant properties of structured fluids:
I Flow Curve (Newtonian or Non-Newtonian)
Il.  Yield Stress
IIl.  Thixotropy

IV. Viscoelasticity (complex mechanical properties)

® Common methods
Creep Recovery

o

o Normal Stress 10°
o Oscillation Frequency Sweep ‘
Oscillation Temperature Ramp H 2 9
’ . g L 182°C/min 100 1§
a, e Heating o
y i ;
] At / 10" | §
e 10" b Y —o— —O— cooling 1°C/min I %
By S 8 —®— - heating 1°C/min =
2 : 1-Cimin / ® A— 4 cooling 2°Cimin] 10° ?5
o, 107 Cooling A— & healing 2°C/min +%
o
[11] o1 Al
S | 10"'{ 2°Cimin 107 o
w o Cooling W, T it § %
2
1074 4 10
10 . . T {10”
10 20 30 40 50

Temperature T [°C]

©2022 Waters Corporation
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Instruments

Waters:

Rheology Applications

Polymers




Rheology Applications
2. Polymers Wo’rersm

| Water —wmp to _==m=ip * Steeh I

107 10" 10 10° 10° lof’ 10°

Vlsc<)S|ty ' -~

ﬂ

Instruments

L

" . " . .,
- Three main reasons for rheological testing:
Low Viscosity Strong I Polymer melts . ot
i ? ' Characterization
Solutions, emulsSions, || Structured |y asphalt, - ) )
suspensions, weak fluids, gels, thermosets - MW, MWD, formulation, state of flocculation, etc.
structured fluids adhesives *  Process performance

O ®

= Polymer melts:
- 25mm and 8mm parallel plates, and disposable plates (cure)

- Cone-plate (normal force measurement)
— Cone partitioned plate (avoid edge fracture, LAOS) [

= Polymer solids: 5.6
— Torsion rectangular and cylindric geometry
— DMA clamps (tension, bending, cantilever, compression)
&
Torsion rectangular
and cylindrical clamps

Strength, use temperature, dimensional stability,
settling stability, etc.

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

DMA cantilever, 3-point bending and tension clamps

©2022 Waters Corporation



Properties of Polymers

= Overall, we want to characterize several relevant properties of polymers:

l. Thermal Stability

Il. Flow Curve

Ill.  Molecular Weight Effects (Viscoelasticity)

Waters:

N

Instruments

V. Thermosets, Curing, Gelation

* Determines if properties are changing over the time of testing

= Degradation
= Molecular weight building, crosslinking

360 =
PP at 230°C ( degradation)
Isothermal Oscillation Time Sweep
— 3404
w
fud
o
=
E’ 3204
@
=
3
o
£
O 3004
280 T T T T T
0 5 10 15 20 25

Step time ts (min)

©2022 Waters Corporation

30

PEEK at 400°C ( crosslinking)

10°
Under N2 Under air
(Stable) (unstable)
10t |
O o L
iz
e
o
10? *-
10
0.0 10.0 20.0 30.0 40.0 50.0 60.0
time [min]

45




Melt Flow Testing Considerations

N

Instruments

Waters:

log n

1.

Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
Il Flow Curve
[ll.  Molecular Weight Effects (Viscoelasticity)

V. Thermosets, Curing, Gelation

n* =G*o
n=oly . "
Flow . Oscillation ; Oscillation + TTS
r I (or capillary)
"\ PowerLaw Region
First Newtonian Plateau I I
1, = Zero Shear Viscosity :
1n,= Kx MW 34 H H
I Extend Range
i H with Time-
i i Temperature
i j Su sition (TTS
Measure in Flow Mode | I pgr%ooxmé )
=] i ju >
I Extend Range i Second Newtonian
\ with Oscillation I Plateau
i & Cox-Merz s
o G e | I
0ES  1.00E4 100E-3 00100 0.100 1.00 10.00 10000 100000 1.00E4 1.00E5

shear rate (1/s)

©2022 Waters Corporation

® Edge Fracture:

Sample leaves gap because
of normal forces

® Cox-Merz Rule

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

ny) =n*(w)




N

Instruments

Molecular weight and Viscoelasticity WCITGI’S""

Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I. Flow Curve

1. Molecular Weight Effects (Viscoelasticity)

V. Thermosets, Curing, Gelation

®  Sensitive to Molecular Weight, Mw
®  For Low MW (no Entanglements) n, is proportional to Mw
®  For MW > Critical Mw,, 1, is proportional to Mw3+4

log N,

!

No = K-Mw 34




4

N

Instruments

Time and Temperature Relationship (Viscoelasticity) W 1_
arers’

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I. Flow Curve

1. Molecular Weight Effects (Viscoelasticity)

V. Thermosets, Curing, Gelation

— 1 1 I .
<) l | o
Y : : PN - — i
B Regime : ! : Glassy Regime 2
= | &
< | : o
i ! W
gl § —— Eoo g
: —-— —I - (Ell OF Gu)
log F"requency
Long time scales Short time scales Temperarure
. At low f . lecular relaxation i . At low temperatures molecular relaxation is slow
t IOW r?quenculas mlo ?cu :a netzla1 a OI N — the diffusion is limited to small length scales
at large time scales- large length scales and small time scales
) Att h;}gf;tftr_equenc:es moﬁcz?r;e:;xaﬂgn IS . At high temperatures molecular relaxation is fast
at shortime scales — smaflength scales — the diffusion is predominately large length
. Commonality between Frequency and Temperature is the scales and large time scales

timescale of molecular relaxation (Polymer chains diffusing)

©2022 Waters Corporation




Molecular weight and Viscoelasticity WCITGI’S""

N

Instruments

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I. Flow Curve

1. Molecular Weight Effects (Viscoelasticity)

V. Thermosets, Curing, Gelation

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

10" SBR M
] |, [g/mol]
] —e— 130 000

106-§ —o— 230 000 The high frequency behavior (slope -1) is
] —0— 320000 independent of the molecular weight

—_—
<
FEETIT B

—=— 430 000 /

Viscosity

(" Right tool for the job:
25mm parallel plates

Viscosity [ [Pa s]
=}

Slope 3.08 +/- 0.39

Zero Shear Viscosity | [Pas]
=

-
Q, ,
ul 4 oveiu

3

100000

—_—
s
pul 4o

Molecilar weight M, [Daltons]

10* 10® 10% 10" 10° 10' 10° 10° 10* 10°
Frequency [ a, [rad/s]

©2022 Waters Corporation
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Instruments

Molecular weight and Viscoelasticity WCITGI’S""

Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I. Flow Curve

1. Molecular Weight Effects (Viscoelasticity)

V. Thermosets, Curing, Gelation

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

/

Narrow MWD

/

Broad MWD

Log Viscosity (Pa.s)

Log Shear Rate (1/s)

©2022 Waters Corporation



Molecular weight and Viscoelasticity

N

Instruments

Waters:

= Overall, we want to characterize several relevant properties of polymers:

Modulus G', G" [Pa]

l.
I
L.
V.

Thermal Stability
Flow Curve

Molecular Weight Effects (Viscoelasticity)

Thermosets, Curing, Gelation

of
o ,E" ;' .

. !
I,l)l £ 4 SBR M_ [g/mol]
g f —m—G'130000
L —e—G" 130 000
v i —m—G'430 000
= — e G" 430000
5 —m— G'230 000
% —m—G" 230000

T ARALALL BELELARLLY BELELRLLLL B
10° 10® 10" 10° 10" 10° 10° 10°
Freq o [rad/s]

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

TA Instruments Webinar

Professor Chris Macosko
- Analyzing Molecular
Weight Distribution w/

Rheology

©2022 Waters Corporation



N

Instruments

Molecular weight and Viscoelasticity WCITGI’S""

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability

Il. Flow Curve

= The maximum in G* is a good indicator
lll.  Molecular Weight Effects (Viscoelasticity) of the broadness of the distribution
V. Thermosets, Curing, Gelation
6
b B 206101 Narrow
1 dejjjj E@j:ﬂﬂujj]:p
ey e, 15x10°
£ 10 B~ 5
z ] Ny-C—0 ‘=—'
g ] : 4 1.0%10°
g 10%; =
5 ] SBR polymer melt A 5 0x10°
é ] —o— G 310 000 broad ="
N —o— G" 310 000 broad %
10° ~o— G 320 000 narrow 0.0 e
] —o— G" 320 000 narrow R e

" - 1 A K L 3 :
107 10° 107 10° 10 10° 10° 10°

Frequency a_o [rad/s]

10° 10 10" 10° 10' 10> 10° 10
Frequency (a, [rad/s]

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

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

©2022 Waters Corporation



Molecular weight and Viscoelasticity

Waters:

N

Instruments

= Overall, we want to characterize several relevant properties of polymers:

l.
I
L.
V.

10°

Thermal Stability
Flow Curve

Molecular Weight Effects (Viscoelasticity)

Thermosets, Curing, Gelation

Exxon Freq Sweep 190C

107

Loss modulus ¢~ (Pa)

Storage medulus &7 (Fa)

Material: FP(isotactic)
T. 180,00 °C

Mn: 84865.6 g/mol
MW: 166744 g/mol
Mz: 327250 g/mol

Crossover technique: Cubic / linear (Orche)
Crossover modulus: 36995.3 Pa

Crossover % value: 275.078 rad/s

107 10! 107
Angular frequency w (radis)

10?

10?

10

ig'ed) U Apsossis xapdwon

Molecular Weight Distribution Calculation teration 5

Using rheological measurements to quantify
molecular weight and molecular weight distribution

Polymer Type  [PPsatactic] <] Eat
DataTemperature [19000 [T

& Unincds " Binadal ' K-modal

Distbution Type  [LogNomal ~|
Weight Average M [1.67e+05 =
Murbtn [ies =
Doto Cipboacs oy | _Past |

LY

Pal,

3

o a—)
ol

Jodo Maia: The Role of Interfacial Elasticity on the Rheological Behavior of Polymer Blends

Chris Macosko: Analyzing Molecular Weight Distribution w/ Rheology

©2022 Waters Corporation

Miing & Double Asptaion ¢ Wt Average 10 o
#Add Rouse moions [~ 0’ o o i 10
ol

Deif dwardstems [T =] Setings
C "F'\m

& Dynanic Data 6] € MWD (] MWD (1) M ‘
bn 84366, Mo 167005 ” B () )
Mz 327245 MusMn 19848 Auto Solution Update [~
= S [C] 0N |



http://www.tainstruments.com/professor-joao-maia-the-role-of-interfacial-elasticity-on-the-rheological-behavior-of-polymer-blends/
http://www.tainstruments.com/analyzing-molecular-weight-distribution-w-rheology/

N

Instruments

Molecular weight and Viscoelasticity WCITGI’S""

= Overall, we want to characterize several relevant properties of polymers:

]
l. Thermal Stability Freq uency Sweep

. Flow Curve + Small amounts of ultra high MW PS increases
entanglement of the polymer. It shows much more
effect on the terminal region compared to the GPC

1. Molecular Weight Effects (Viscoelasticity)

V. Thermosets, Curing, Gelation data.

l
400,000 g/mol PS 400,000 g/mol PS 400,000 g/mol PS
+ 1% 12,000,000 g/mol +4% 12,000,000 g/mol
GPC
GPC | GPC

G I
G, [l

Macosko, TA Instruments Users’ Meeting, 2015

©2022 Waters Corporation




N

Instruments

Molecular weight and Viscoelasticity WCITGI’S""

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability

1. Flow Curve
Tack and Peel of Pressure Sensitive adhesive

= Frequency Sweep

1. Molecular Weight Effects (Viscoelasticity)

V. Thermosets, Curing, Gelation

Tack and Peel performance of a PSA

—m— good tack and peel
—#— Bad tack and peel

-
D—h-
1l

" ®  Adynamic frequency sweep test results can
correlate to tack and peel performance

®  One single frequency sweep test cannot cover
the entire frequency range of interest. Use Time-
Temperature Superposition (TTS).

application

—
o
it
1l

Storage Modulus G' [Pa]

Right tool for the job:
25mm parallel plates

0.1 1 10
Frequency o [rad/s]

©2022 Waters Corporation
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N

Instruments

Molecular weight and Viscoelasticity WCITGI’S""

= Overall, we want to characterize several relevant properties of polymers:

l. Thermal Stability

Il Flow Curve
lll.  Molecular Weight Effects (Viscoelasticity) Tack and Peel of Pressure Sensitive adhesive
V. Thermosets, Curing, Gelation - Temperature Ramp (more
105 ~rocommon on DMA)
10 s , 7
<] ]
o104 y
T E o
e T : 2
© 106 | 53
- ] 5 .
- 10 ] 5 ®  Atemperature ramp testis
3 .
° 3 - an alternative to frequency
2] ]
é é 10 4 B sweeps for temperature
8 3 - stable polymers
g 2 10 3 | O - N
§ 9 : Right tool for the job:
@ 10 2 | 25mm parallel plates
10 1 ]
-40

©2022 Waters Corporation
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Molecular weight, Viscoelasticity, and Curing WCITGI’SW (@

Instruments

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I. Flow Curve

1. Molecular Weight Effects (Viscoelasticity)

V. Thermosets, Curing, Gelation

= -~
..X\

N
X\
5 W
\
o \o\\ = Temperature Ramp
Y \\\ .
e \\ N « Correlates with polymer molecular
=) \\\\ N o Ingreased crosslinking structure: Mw. MWD. and
=) N T~ L. ’ ’
é \-\\--_______-________________ crosslinking
E \s --“————-————_-.-....__..__
[} h ‘::--ﬁ:_——_
< T - ~ T ———
)] / ~ :h - SN T N "\
Broader molecular— | A S N
weight distfibution \ RSN &
L i N
ower moleclilar weight
Temperature (T °C)

= Segway into “Thermosets, curing and gelation” section

©2022 Waters Corporation



Molecular weight, Viscoelasticity, and Curing WCITGI’S""

N

Instruments

= Overall, we want to characterize several relevant properties of polymers:

Modulus (E or G)

l. Thermal Stability
I. Flow Curve

[ll.  Molecular Weight Effects (Viscoelasticity)

IV. Thermosets, Curing, Gelation

Crosslinked « Correlates with polymer molecular
structure: Mw, MWD, and

crosslinking
increase

crosslinking

Crystalline
Amorphous

increase
crystallinity

Temperature

©2022 Waters Corporation
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Instruments

Molecular weight, Viscoelasticity, and Curing WCITGI’S""

= Overall, we want to characterize several relevant properties of polymers:

l. Thermal Stability

I Flow Curve
[Il. Molecular Weight Effects (Viscoelasticity) What Rheology Measures
IV. Thermosets, Curing, Gelation 3
liquid ; solid
]
. e epr . I *
[ Gelation and Vitrification ] o i
it: G
i A B -
c
SIS y;; tt’i 1 m

. -
Gitn] RRAA

<] b 7o [d tgel Reaction Time

YEC» Viscosity can increase many orders of

magnitude over duration of cure

= Formation of network across m

span of material volume 10 10 10 10 10 10 10

Viscosity

2 Waters Corporation
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Instruments

Common Curing Experiments WCIerrSm

Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I. Flow Curve
[ll.  Molecular Weight Effects (Viscoelasticity)

IV. Thermosets, Curing, Gelation

Isothermal Curing (Time Sweep) Temperature Ramp Curing
120 107 10%
107 107
100 108
100
E 108 1105 o
9] T~ S
o . 10% 108 ] ) 80 L 10°4 G =24993.5 Pa %
S R e L ¢ o T=704°C 3
55 L 3 = O t= 2406 sec BT
4 <
2 b o = o e0] g 10 b=
s, P g 5 ER-2 g
22 10 e ® FERR &
Q3 = o 401E o 10°4% 1§ 10 2
£ o p100 =< =3 o E 3
o £ 102 = £ o o %
g iy 2 2018 8 10 T
g 3 r Moduli crossover t=204.4s Ligz @ % — _ o
& -1 qpt] Crossover modulus: 7552 Pa 2 VE;QB%APE'S | 102 @
§ ~— 1 F
o o 0 10
-20 100 ‘ ‘ ‘ 101
107 10¢ 0 1000 2000 3000 4000

0 100 200 300 400 500 600 700 800 900 1000
Time t (s)

Time ¢t (s)
Right tool for the job:
Disposable 25mm parallel
. Measure viscosity change before crosslinking lates

. Monitor gelation and measure the gel point
Monitor sample viscoelastic property change (G’ and G”) during curing
Evaluate the mechanical properties of the end-use product

©2022 Waters Corporation



Isothermal Curing Experiments

Thermal Stability
I. Flow Curve
IIl. Molecular Weight Effects (Viscoelasticity)

Thermosets, Curing, Gelation

Isothermal Curing (Time Sweep)

N
TA.
Instruments

Waters:

1.000E8 - 1.000E8

1.000E7 =11

1.000E6 - 1.000E6

Set Gap Constant monitor shrinking force

©

D_ 1.000ES = 1.000ES . =

) 10000 L 10000 Shrinking force ]
1000 1000 =
100.0 4 100.0 =
10.00 i

©2022 Wat

T T T
10000 12500 150.00

time (s)

T T T
25000 50.000 75.000

ers Corporation

T
175.00 200.00

-7.500

-10.00

N) 82404 |

~
-12.50

-15.00

Set Axial Force =0
monitor dimension(gap) change

1.000EE 1.000E8 510
1.000E7 +1.000E7 =505
1,000E5 a0 o)
Q)
©
1.000ES +1.000ES 495
Gap change '5
10000 --10000 bag0
1000 41000 L sss
100.0 ++466:8+ry . y . . . . 480
25000 50000 75000 100.00 12500 150.00 17500 200.00
time (s)




Liquid to Gel to Solid Transition

Waters: | C7a

Instruments

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I. Flow Curve
IlI.  Molecular Weight Effects (Viscoelasticity)

IV. Thermosets, Curing, Gelation

Empiricism of Y. M. Tung and P. J. Dynes (1982)

When G’ =G’’’ and Tan§ =1

. Viscosity goes to infinity
o 6 T - .
. System loses solubility
*  Molecular weight M,, goes to infinity £46min ’ [
— tc+2 nooeuoosov"““"o“o
P‘_?. ir tc §e ﬂo""ﬂo ° G " N
liquid ;| solid t;la BT et S
1 = t—HQ :..“
© > Cef E -
-t'_- H ED- l"-:
- G o e
- o - @
5 0 . §
n « STOPPING THE REACTION
: AT TIME INDICATED
’ -2 1 1 1
i 0 20 40 60 a0
toel Reaction Time REACTION TIME [min]

F. Chambon and H. H. Winter (1985)

©2022 Waters Corporation



True Gelation Point (Multifrequency time sweep)

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I. Flow Curve
IlI.  Molecular Weight Effects (Viscoelasticity)

IV. Thermosets, Curing, Gelation

Multifrequency Time Sweep

G’/G” crossover: frequency dependent

Waters:

N

Instruments

= Multifrequency
superposition

AN
A
i

iyt

-2

Gel Point: tan & crossover point

1074

=

(=}

S
I

10°4

103

Tan(delta) tan( §)

« 10 rad/s
= 50 rad/s 1074
« 100 rad/s

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

102 ; ; ; ; 10
120 130 140 150 160 170 180 190 200

+«10 rad/s
«50 rad/s
+ 100 rad/s

120
Time ¢ (s)

130

140

150 160 170 180 190
Time ¢t (s)

200

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

Gelation Kinetics

Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
Il
II.

Flow Curve

Molecular Weight Effects (Viscoelasticity)

N
TA.
Instruments

Waters:

The gelation kinetics can be described
using the empirical Arrhenius model

IV. Thermosets, Curing, Gelation . Perform isothermal curing at different
temperatures
Y
107, t _ t—m exp AEg \

oy _ el — el D

ﬁi;f 10%| ﬂ@ 9 9 RT

EJ 10¢] b0 8

% 10 1462125 E :3 e

ES 10 ; g 7
gl 50°C | 5 ) 60°C 6
5 o ~ 1000 " 2000 ~ 3000 w-'é. " 1000 " 2000 " 3000 T
3 Step time 15 (s) Steo time [« (s} ‘ o0
'8 107y ’ 107 b
= o8 _oe - g
0| &5 1psl EF 109
8 t_& 12| / g2 :Z‘! f 5 y =7737.5x - 16.631

P | % = | " .
mEIy |Egel = 64 kJ/mol | =059

£E ol ] £E 0 2

g I 20456 gz ‘Pﬂ 0.0026 0.0027 0.0028 0.0029 0.003 0.0031 0.0032

54 107 S8 107 58745

LS, 80°C 7w 100°C 1T (1/K7)

O e e 10 2000 o 200 400 600 800 1000
Step time s (5) Step time s (3)
Time (s) "
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Quantifying Crosslink Density Post Cure (DMA) WCIerrSm

N

Instruments

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability

. Flow Curve 4 3RTd RTd )
M,=—— M, =———

[ll.  Molecular Weight Effects (Viscoelasticity) or c = 7
rubbery

!
IV. Thermosets, Curing, Gelation rubbery
10 4 M. = Molecular weight between crosslinks

Quantify Crosslinking Densitv R = Universal gas constant
T = Absolute temperature (K)

\ d = Polymer density
Mw

Crosslinking density, q = Ve

E' (MPa)
E” (MPa)

Mw = Molecular weight of the monomer

Storage modulus
Loss modulus

. For unfilled polymers, crosslinking density
can be quantitatively measured using
rheology

-80 70 -60 -50 40 -30 -20 -10 0 . Calculation uses storage modulus in rubber
Temperature T (°C) plateau region (G’ yppery OF E'ryppery)

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

Instruments

UV Curing (Rheometer only) WOerrSm

= Overall, we want to characterize several relevant properties of polymers:
l. Thermal Stability
I Flow Curve
IlI.  Molecular Weight Effects (Viscoelasticity)

IV. Thermosets, Curing, Gelation

* Monitor UV curing:
Dynamic time sweep

TE UV on

sz
= + Measure curing time with
1S, Formulation #1 different formulations, UV
cop] Formulation #2 intensity and temperature
Formulation #3

* Measure cured adhesive

Formulation #5
modulus

1000 2000 30O 4000 500D 600 7000 800

tine(©)
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Review | ~
N
Waters'| Cra
Glassy : _ 0 !
Solid + Slightly | !
i 1 Flexible | !
0 | MeltLiquid
= | Behavior
=}
é - ! | \\
| N\ E = 2G(1 +v)
(E'or G) i : \
i ! \
- == == (E"OrG") ! !
i | Rheology @ -'
Temperature Shear Torsion

= § e
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Thank You!
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