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Agenda NETZSCH

Understanding the Cure Behavior with Rheology Kinetics

« Part 1 - Introduction to Rheology

» Brief overview of the use of rheology to directly monitor the material change
during a cure reaction

. Part 2 — Introduction to Kinetics

* Overview of the theory and use of Kinetics for a fuller understanding of curing
profiles

 Part 3 — Case Study of a Curing System; Rheology Data,

Kinetics Analysis and Predictions

« An example rheological measurement on the Kinexus rheometer, imported into Kinetics
Neo to investigate the changes in conditions affect the reaction kinetics




NETZSCH

1. Introduction to Rheology

Typical Cure Measurements




Agenda NETZSCH

1. Basic introduction to rheology; material science measurement
2. Rheolgical terms to describe the material changes during a curing process

3. Typical rheology cure profiles




tonian flow

What is rheology? NETZ5CH

Definition: “The science of deformation and flow”
Rheology is a basic material science for semi-solids & liguids

We measure it, as it needs to be controlled to get needed performance

Rheology is mMore _ _
than just viscosity SImple NeWieRIasi ey,

- Rheology is putting the
material properties into
context
- Appropriate flow

conditions
- Even at “rest”

- Gives us the science &
numbers to understand
real material

performance SE N Op
B OFUNIK




Rheometer Principles — Oscillation Testing NETZSCH

Practical Measurements of Curing Reactions

 Instead of rotating on a sample, we now oscillate back and forth

« We typically apply a sinusoidal signal to the sample

« Thisis non-destructive testing, so can show the properties
under deformation, before flow

® From this we can predict sample properties
® Typical variables

« Shear Stress, o [Pa]: force (f or p) per area (a)

e Strain, y [no units or %]: displacement (u) divided
by height (h)

(% strain is the above equation *100)

 Measures:
Complex Modulus - the stiffness of material
Phase Angle — “degree” of fluidity of the sample from 0 to 90°
Complex/Dynamic Viscosity — Cox-Merz approximation from osc
Elastic (G’) and Viscous (G”) modulus - calculated
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Disposable Plates for Curing Systems
Kinexus Disposable Plate System (KNX2155 Peltier / KNX2263 HTC)

NETZSCH

The upper geometry stub and the lower plate are
designed to be disposable (at a low price)

The upper geometry is held inside the clamp mechanism

The lower disk is held in place by the clamping ring

Insert the lower plate fixture for disposable
plates

&= Measuri
Stat

Geometry recognition remains with the
system configured for the geometry
choices

> A8

- =
Insert the disposable plate onto the lower plate
Secure with the metal ring and tighten the grub screw

Feedback | Gap and Nomalforce | Temperature | Live data- cure | Cure test | Cure test table | Live data -

14:51:40 Construct the disposable pla




Rheology of Curing/Gelling Reaction Discussion NEIZSCH

Overview of typical results

Cure analysis

. GeltmeatG/G”

——= 00 3 407

With rheology being the | = "=, -
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m Time

B Temperature, or

Shear modulus {elastic component) (Pa),Shear modulus

m External trigger: UV/light radiation

Time (sample) (s) (10°3)

Take this example where the sample starts off low viscosity & gets higher




Complex Modulus — G* [Pa] NETZ5CH

From oscillation we can measure the materials complex
modulus, the stiffness of a material

The higher the modulus the tougher the material Cox Merz “Rule”...
Calculated from how Input Stress — This empirical approximation
much a sample moves / Measured Strain  —— can indicate a complex or
for a given force ol dynamic viscosity from
/ y / oscillation data which can be

preferred:
oo o Complex modulus
omplex VISCOosIty = Angular frequency

Viscous modulus

MOdUlUS . Shear Stress B O Dynamic Viscosity = Angular frequency

Units of Pascals (Pa) Shear Strain y

Note: shows the same
trends
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Phase Angle [°] NETZSCH

For a Purely Elastic Material — Solid-like behaviour

The stress and strain are exactly in phase EIaSt'C
Therefore the phase angle is zero
For a Purely Viscous Material — Liquid-like behaviour

Stress and strain are 1/4 of a cycle out of phase

Therefore the phase angle is 90° VISCOUS /><

Phase angle can be considered a scale of “fluidity” from
0° (solid like) to 90° (liquid like)

[ Tan delta is simple the tan(phase angle), with a range from
0 (solid like) to 0.5 (“gel point’/ d=45°) to infinity (liquid like) |




Storage and Loss Modulus NETZSCH

Rheology language tends to use a combined
form of complex modulus and phase angle

Full cure region

G,
G!!

« Storage (elastic) modulus G’

 Loss (viscous) modulus G”

Modulus

Gel point (6 = 45°)

« If G’ > G”, phase angle less than 45° - SOLID LIKE
« If G” > G’, phase angle greater than 45° - LIQUID LIKE

Time

« G* - modulus is the overall stiffness of a
material

12



Curing Example NETZSCH

Comparing different samples

Cure analysis

Direct measurement of 1o - IEARNE
the material changes I I
106 B T I

through a cure

-
(=]
(%3]

Typically consider:

«  Complex modulus, or

3

«  Complex viscosity, or

{,) 2]6ue aseud

* Dynamic viscosity

« Elastic/viscous
modulus

* Phase angle or tan
delta

Shear modulus (elastlc component) (Pa),Shear modulus (viscous component) (Pa)

107! | | : | : | | | | 0
] 1 2 3 4 ] G 7 g g9 10

Time (sample) (s) (1073)
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NETZSCH

SE

Introduction to Kinetics Neo

Understanding the cure behavior with rheology kinetics

€
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Agenda NETZSCH

1. What is chemical kinetics?

2. Example of curing data, kinetics analysis and predictions

15



What does chemical kinetics study?

NETZSCH

W/NHO OfR—O‘E}_\Nf})_\O {RO::)?N 3 A S B
&QJOTHH% reactant product
M?NH_(}—\O_[R_O;;{}—/N;B—/OfR_O b N—\L&L

Chemical Kinetics answers the following questions:

 How fast is the reaction?
 What is the reaction mechanism?
« What is mathematical model of chemical process

L
.( NETZSCH Kinetics Neo software

Reaction rate depends on

Temperature
Concentration
Pressure
Catalyst,
Solvent

16



Main problem: how to reduce the costs? NETZSCH

Ceramics production: What is optimal firing temperature profile?

New material
l MMorgan | ;

' Advanced Materals

HALDENWANGER

Problem:

Fast firing: cracks and deformations
Slow firing: too expensive production process

Laboratory measurements + Kinetic analysis + process optimization:
Production time was reduced more than by 50% from WEEKS to DAYS

17



Curing, cross-linking NETZSCH

= What happens during curing? How high is the reactivity?
= At which temperature and time curing starts and finished?

= What is the optimum curing process (time/temperature)?
= How high is the degree of curing?

= Where is the glass transition temperature?

= How to reduce costs during production?

=  What is the final state of the epoxy after given time at given
temperature? (glass /elastic solid/viscose liquid)

xy Pait

e, Aguaciltore??

Actiiator

Fish Safe, 4
Aqutatyore fovgh




Steps to solve Kinetic Tasks in Kinetics Neo

NETZSCH

Measured
raw data

File 1

File 2

File 3

File 4

HH

Data Import
and Processing

Processed File 1

Processed File 2

Processed File 3

Processed File 4

€

Kinetic Model

A |3._[>[3
uw%ﬂ

Autocatalytic (Cn)

1111

Reaction of n-th order

Kamal-Sourour

Friedman
Ozawa

Simulations

Predictions:
isothermal / dynamic / arbitrary

Predictions:
degree of cure / curing rate / viscosity

Optimization:
conversion rate

Optimization:
curing profile

19




Cure Monitoring: Rheometry

NETZSCH

G' (Pa),G" (Pa)

Temperatursweep

Q uej

20



Parts of Measured Viscosity Signal

NETZSCH

A

Viscosity

for materials without curing

Temperature

1 -

Viscosity change
because of curing

Temperature

Viscosity

t (total signal)

Temperature

21



Kinetics Neo: Data Processing of Complex Viscosity

NETZSCH

Source Data Legend
5 2,0 K/min
—— 5,0 K/min
4.5 — 1,0 K/min
4
w
£
T35
~
[
=3
>
o
25
2
1,5
0 5 10 15 20 25 30 35 40
Time / min
Source Data Legend
1,2 2,0 K/min
—— 5,0 K/min
1 — 1,0 K/min
08
5
06
o
Z
504
0,2
0
-0,2°
-10 0 10 20 30 40 50 60 70

Temperature / °C

Target: find degree of curing from the imported data

Steps:

1. Select evaluation range

2. Switch to Temperature scale

3. Remove Viscosity(Temperature) without curing
4. Recalculate to conversion

22



Kinetic Model for Curing

NETZSCH

Chemical process is generally described by Arrhenius equation:

Curing can be described by the equation Cn for autocatalytic reaction:

da —E
— ° 1 — n ° 1 K m ° (—a)
- A-(1—-a)® - (1+Ka™)-exp o

This equation with its parameters A, Ea, K, m, n, is the kinetic model.

Kinetic parameters are found from the best fit for all experimental data

23



Kinetic Model: Single-Step Autocatalytic Reaction of Cn type

NETZSCH

METZSCH Kinetics Neo - Curing_simple_sxample_kin_visc_kinx - 0 x
View Help
Temperature  Signal Concentration | Absolute Raw {-) +a @ 8 Q @
- ]
Time Conversion Reaction Rate | Absolute —l
Undo  Add Copy Save Print Export Reset
Log(Time) Conversion Rate  Sum of Peaks = Relative Text Image Data
X Aadis ¥ Axis Y Scale Chart Zoom
Project ¥ || Properties xr Model Based Legend
4 Source Data Model s: - 1,2+ i
2K long smoothed:dt X || Descripton: | | < 2,0 K/min
5K_long_smoothed.txt X o - Fit
1K mintst »® Optimize Fit To:
Add New < 5,0 K/min
4 Analysis o o 1 - .
4 Model-Free ﬂ >.| B Fit
ASTM E698 .
ASTM E2890 < 1,0 K/min
ASTM E1641 — Fit
Dynamic Arrhenius Copy to Clipboard  Scheme to Chart 08-
Isathermal Arrhenius . !
ASTM E2070 Reaction Steps
Friedman ‘ A—E Cn —g 35 '@' |
Ozawa-Flynn-Wall
Kissinger-Akahira-Sunose Add Independent Ste 06"
Wyazovkin Step: A—B o
Numerical Optimization . v
P Reaction Type: Cn, n-th order witl E
4 Model Based . =
s tax dEEquaE;r;t PreExp™a®n*(1 S
a- =PreExp™a®n™
Add New / lmport +AutocatPreExp™b) Expl- o 0,4 7
Models Summary ActivationEnergy/(RT)]
4 Sim;l:ion Adjust
4 Predictions rEirsinm
Isothermal i i i
Isothermal Lifetime el |ve &\ \Zl. 02-
v S|z ;
Multiple Step Parameters [ Show Range
Step Iso
Maodulated Isothermal M—
Madulated Dynamic ActivationEnergy | 34,084 0 -
Adiabatic Log(PreExp) 2,256
Adiabatic24 RETT
Climatic ReactOrder n :
External Temp. Profile Log(AutocatPreExp) | 1,293
4 Optimizatil?n Contribution 1,002 _0‘2 T I T r T T T
Conuersion Rate -10 0 10 20 30 40 50 60 70
C_r.:rwersmn Values | eelhllEE | | Optimize | o
Signal Rate (RCM) y Temperature / °C
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Predictions 1

What is viscosity for user-defined temperature program?

NETZSCH

Constant heating: measured reaction rate

Model Based

New temperature program: Unknown viscosity

Legend Prediction Legend
5,5 2;0 K/min 5'5 si; : Dynamic 1 K/mlr‘l
5 Fit — 2 K/min
Viscosity < 5,0 K/min 5 — 4 K/min
45 — Fit —— 8 K/min
o 4 < 1,0 K/min 45 16 K/min
o —Fit w
o &4
::3,5 =
S 33,5
23 @
975 93 \
ﬂqk‘”*ﬂz.
2 2,5
1,5 2
17 15" '
-10 0 10 20 30 40 50 60 70 -20 0 20 40 60 80 100
Temperature / °C Temperature / °C
A B No new measurement
— — Calculation with Kinetics Neo
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Predictions 2

What is degree of cure for user-defined temperature program?

NETZSCH

Constant heating: measured reaction rate

New temperature program: Unknown degree of cure

Model Based Legend

Prediction Legend
5'5 2;0 K/min 1 s:; @ Isothermal 10 °C
5 Fit —20°C
Viscosity & 5,0 K/min 09 —30°C
4,5 — Fit 08 —40°C
i 50 °C
o4l & 1,0.K,’m|n 07
= —— Fit
(2 c
a 0,6
<35 E
J 00,5
<3 g
Eo) w04
L2725
0,3
2 0,2
1,5 0,1
1 0 |
-10 0 10 20 30 40 50 60 70 0 5 10 15 20
Temperature / °C Time / min
A B No new measurement
-— - Calculation with Kinetics Neo
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NETZSCH Kinetics Neo Web Site including User Guides
https://kinetics.netzsch.com NETZ5CH

E 4

i€ Learn - Kinatics Neo ® ‘ BIE

A ey & httpsy

kinetics.netzsch.com/en/learn/ £€ How To: Create TTT Diagram for X | 4 N g

//kinetics, ‘ ~to-ttt-di ~dsc-diffusion- ; S
— | I How et s e % | S & O & https://kinetics.netzsch.com/en/learn/how-to-ttt-diagram-dsc-diffusion-control/ b & ¥ L] =
& S Ua (aw

“ E I z 5 t“ “ETZS:H What Is New Features Kineticsas aService Llearn FAQ.  Applications

Proven Excellence.

"ETzstH What Is New Features Learn FA

Gelation Curve

10. Select the second step and set its contribution to 0.92. 12. If the conversion for gelation point is known then gelation curve can be shown. Let us show gelation curve for known conversion value
52%.

Support and Service  Docs

How D5C, 1 Step, Iso In "Step B -> C" region click "Recalculate" button.

Write 1°C for temperature step and turn Off Glass transition Temperature Tg

Press Calculate

How D5C, 2 Steps, CU

NETZSCH Kinetics Neo - Si3:

For fsoconversion Lines click None, then Custom and select one value 0.52.
- — Temperature  Si Concentration Absolute z 4 Vertica
How To: ARC, 1 Step, Co Sone RNERA&=
Time Conversion Reaction Rate ~ Relative A B = = s J! Horizon|
Log(Time) Conversion Rate ::: b ;:;;2 o Ei:‘ 7] Legend L A METZSCH Kinetics Neo - DSC_Dilf_Control_Epoxy_Analysis.kinx = -a
_ = X Aws ¥ Axs Scate srid Lines, Le Home fiew  Help
How To: DSC Curing, Md . . -
Pro ot Temperature | Signal Concentration | Absohute .|A @ 6 C_. @
4 Source Data Model Based 102 Time Conversion Reactonfate  Relative | L S . . h
opy Save Print Export Reset
_ ) SBN4-20TXT X Model Name: d: UBSmEll | Conversion Rate T ke Dota
User-Defined [ SBN4-10TXT X Dt
SBN4-STXT X lwﬁ a cra
Add New P ’ Properties L Model B d
| Source Data TIT Prediction Properties 180+ odel Base
'm:’sk,,“ al 8 c % Ad hew Method / Model
‘ FFraa - e e Glass Transition Data == :
ASTM E698 P vty 55 Cn diff -
ASTM E2890 4 Ana |
ASTM E1641 I Model-Free Minimal Temperature | 2009 C 160
I_._t t Friedman Reaction Steps £o.d 4 Mnddchgd . Mamal Temperature | 170,00 3
2, '] I s;Cn -
iterature Gron -t e T : o eax e = a0l
b 4 < A
Numerical Optimization (E—f 3 » 2o Agdd New / Impory Time 50000¢| min
Literature about Kinetics: Th 4 Model Based P F: el summary 1o
- 4 imulation I —— 1
Step: B—C <% 4 Predictions Show additional curves E\
Reaction Type:  Fn, nth order ~ Motherml etime || | L Temperaire progrom s
Models Summary 88+ Dymamic [ Glas Transition Temperature Tg 100
" = N -]
4 Simulation adust [ [ [T] B ::u;:u:mp g
4 Predictions 86 Modulated Isotherm. i g
H H Isothermal Parameters Isoconversion Curves 2 804
Modulated Dynamic ——
Applications s Actwatonnergy | 402954 o [ ] [riee] ol
Multiple Step PreExp 9733 84 Time Temperature Tr. Toot
Step Iso P Y 4 Optimization Y 60
it ; Modulated Isothermal ReactOrder 1075 . Conversion Rate [Joo2
httpsi//kinetics.netzsch.com/en/learn/ 1TIONS Modulated Dynamic o ) s'noo e — o Do
Adisbatic Signal Rate (RCM) " oo4 40 ]
4 Optimization U Recaiculote [} Optimize | Ooso y T
Conversion Rate ‘ Dot
#1052
=T5 20 B
Coss 3 0,01 0.1 1 10 100
wdh 0B o Time / hour

-
e — — Q-
//kinetics.netzsch.com/en/learn/how-t 3 sinte




Conclusion

NETZSCH

Kinetics Neo Software help to do:

a bk~ W D F

Calculation of one mathematical kinetic model for several measurements
Prediction of degree of cure for the new temperature profile

Prediction of viscosity for new temperature profile

Prediction and glass transition temperatures (temporary DSC only)

Optimization of curing process. Find the concentrations in order to have what we want to
have

28



NETZSCH

3. Case Study of a Curing System
9 Rheology Data, Kinetics Analysis and Predictions

29



Curing example: ARALDITE NETZSCH

2-component adhesive
“Very fast setting™. 5 minutes...

Complete curing 24 hours

111§

+
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Kinexus Measurements

NETZSCH

T (°C)

120 + : L e : : : =

100 +

................................................................................................

80 £

60 I

.........

40 £

20 £ Complex viscosity: ]

Temperature

T T T T
2000 2500 3000 3500

ts (s)

—
1500

Araldite measured at two different

temperature ramps

Same data presented in different ways

40

20 ~

______________ ....% ... Phaseangle.. . ..15

. L . . .
£ g ................. '!D‘Temperature ............. ‘_;
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() o




ARALDITE, Rheometry measurements

NETZSCH

Temperature program consists of
1. Heating

2. Isotherm

3. Cooling

Measured data:

shear stress (*)

shear strain (*)

shear modulus (elastic component) G’
shear modulus (viscose component) G”
shear modulus (complex component (*)
shear viscosity (complex component) (*)
tan(Delta)

N o bk~ WD E

(*) not shown on the graph

' (Pa),G" (Pa)

Temperatursweep

Y
AN
4

N

pihcytad Lo ol T i st -

R
Errrnpeses

10°

Secondstep . Tg=30°C

Ry

sl 107

F 1072

+ 10°

10

10°

J
500

}
1000

y
1500
tevent (s)

L
2000

9 uey

-T 200

-+ 150

=+ 100

+ 50

- -50
2500

(900 L
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ARALDITE, DSC measurements

NETZSCH

1. DSC measurements contain 2 peaks

First peak is 49.7°C
Second peak is 118.6°C

2. Glass transition
for uncured material: -25.5°C
for totally cured material 30.1°C

This is in agreement with Tg from
Rheometric measurement

DSC /(mW/mg)
| exo
1.0 - — [
Tg_SOOC Glass Transition: lo K/mln,
Mid: 30.1°C second heating
0.5 -
( 10 K/min,
0.0 - Gl_alss Tran_jsition ) ] Peak: 118.6 °C
Mid: -25.5 °C ffirst heating
05 -
\_ Second step )
1.0
First step
-1.5 - \ Peak: 4y/{
40 220 0 20 40 60 80 100 120 140

Main  2020-11-17 17:33  User: Elena.moukhina

Temperature /°C

Created with NETZSCH Proteus software
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ARALDITE, Rheometry measurements for kinetic analysis

NETZSCH

2K_min.csv, log(Visc.)

— — 2K_min.csv, Temp.

—— 5K_min.csv, log(Visc.)

— — 5K_min.csv, Temp.

Source Data Legend
250
9 |
7 ] 200
5 K/min
57 2 K/min -
& 1503
l 0]
=3 3
U c
) v <
%’1 | 5 K/min // - e — — — —— — — — — 100"\:
- - . 0O
y 4 P 2 K/min
-1 s o~ -
7 _
Ve —
s 50
-3 ‘4// — )
0 10 20 30 40 50 60 70
Time / min

Temperatursweep

v : o
‘f i
MO . . o .-‘"’
: &
P
P
gF 5

2K/min / ~

VA 4

+
40

T(°C)
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ARALDITE, Rheometry measurements and kinetic model ~ (A}—=(}—+c|  INETZSCH

Model Based

oy
w Y

w
h

log(Visc.) / (Pa*s)
n

w

0 20 40 60 80 100 120 140
Temperature / °C
Model Based

oy
w Y

w
h

log(Visc.) / (Pa*s)
n

w

-10 0 10 20 30 40 50 60 70
Time / min

Conversion

ConversionRate / (%/min)

o
=3

Model Based

0 20 40 60 80 100 120 140
Temperature / °C
Model Based

n
=

_‘
il

hry
<

w

0 20 40 60 80 100 120 140
Temperature / °C

Two-step kinetic model can describe raw measurements, conversion and conversion rate. Fit quality R2=0.999
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Prediction of conversion and viscosity for complex temperature

program

NETZSCH

Prediction Prediction
L J d:; : MultipleStep d:; @ MultipleStep
== Legend 300
Conversion
09 350 Conversion
Temp. 4
Temp. 250
300
0,7
3
. 250 g @ 2003
5 3 ||£2 3
o o ~ ©
g 200 g, T ol
b c
503 5 ||<€, 1503
v ~ ‘6..‘ ~
150 A o A
01 0 100
100
-0,1 -1
50 50
-0,3 | 2 |
0 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Time / min Time / min
Start T/°C End T/°C H.R./K/min Time/min
30,000 30,000 0,000 15,000
30,000 130,000 10,000 10,000
130,000 130,000 0,000 5,000
130,000 50,000 -10,000 8,000
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NETZSCH

9 5. Kinetics Neo and Kinexus; Curing Partners
Concluding remarks
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Concluding remarks

Material analysis and kinetic analysis to give the bigger picture

NETZSCH

Disposable Plate Systems available for rheometers to enable to monitoring of curing
systems

The rheology of curing systems is a demanding test, which is usually carried out with a
single frequency oscillation

Curing / gelling reactions can be analyses over time, temperature and/or UV exposure

There are several key rheological features such as minimum viscosity, gel point and final
cure that can be determined to assist with QC testing and development of these systems

Kinetic analysis takes rheology data and enables reaction profiles to be understood over
many conditions

Kinetics Neo creates one mathematical kinetic model for several measurements

Kinetics Neo uses this model for simulation of viscosity and degree of cure for the new
user-defined temperature profile

Kinetics Neo helps to optimization the temperatures and times of curing process.
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You can rely on NETZSCH. NETZSCH

Proven Excellence.

Thank you for your attention.

Any questions?
webinar_ngb@netzsch.com

https://www.netzsch-thermal-analysis.com/en/products-solutions/rheology/
https://kinetics.netzsch.com/
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