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Agenda NETZSCH

1. Reactions depending on additional parameter

2. Pressure-dependent reactions
1. Partial Pressure of Gaseous Reactant like Hydrogen for Metal Oxides.
2. Reversible Reactions with Gaseous Reactant in Reverse Reaction
3. Pressure-Dependent Reactions in Inert Gas

3. Thermosets, composites, photopolymers:
1. Curing kinetics depending on intensity of UV light
2. Curing reactions with diffusion control (DEA, Rheology)

4.  Flexible Data Evaluation
1. Evaluation of Arbitrary Data
2. Kinetics for Incomplete Data
3. New Reaction Types

5. User Interface (Ul) is reworked for native look in Windows 11
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1. Dependence on the additional parameter NETZSCH

< Project Examples of the additional external parameter:
it Crt e St « Partial Pressure of Gaseous Reactant
Open ype:
mp:o<) ot - * Reversible Reactions with Gaseous Reactant in
import Data (KN3) Y vo—— Reverse Reaction
[" I ] * Pressure-Dependent Reactions in Inert Gas

* Intensity of UV light for curing of photopolymers

* Other parameters

The rate of chemical reactions and crystallization depends on different parameters, the first of them is temperature.

Now we have the possibility to use the second parameter in the common kinetic model, where reaction rate depends on two parameters.
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NETZSCH

Pressure-Dependent Reactions

2 2.1 Partial Pressure of Gaseous Reactant
2.2 Reversible Reactions with Gaseous Reactant
2.3 Pressure-Dependent Reactions in Inert Gas
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NETZSCH

Partial Pressure of Gaseous Reactant

‘ 2 . 1 Reduction of Metal Oxide in H2
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Reduction of metal from metal oxide NETZSCH
in Nitrogen with partial pressure of Hydrogen

Nitrogen with Hydrogen

M@Oz + Hz — Me + HzO

1t tov() 10

STA 509 with Hydrogen Generator

0
}

Hydrogen is the reactive gas.
Reaction rate depends on the hydrogen concentration

the higher partial pressure of hydrogen - the higher reaction rate
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Mass / %

Data series for analysis

NETZSCH

100

95

90

85

80

20K/min, different partial pressure of H,

Source Data

Legend
All Curves
m == 19,9 K/min, P=0,33
u == 20,0 K/min, P=0,67
m == 20,0 K/min, P=1
— 0,0 K/min, P=0,33
— 0,0 K/min, P=0,67
= 0,0 K/min, P=1
— 5,0 K/min, P=1
— 10,0 K/min, P=1
20,5 K/min, P=0,67
— 20,3 K/min, P=1

P,,=100%

400 600 700 800

Temperature / °C

500 900

100

95

90

Mass / %

85

80

Isothermal T=600°C, different partial pressure of H,

Source Data

Legend
All Curves
— 19,9 K/min, P=0,33
— 20,0 K/min, P=0,67
= 20,0 K/min, P=1
a == 0,0 K/min, P=0,33
5 == 0,0 K/min, P=0,67
u == 0,0 K/min, P=1
— 5,0 K/min, P=1
— 10,0 K/min, P=1
20,5 K/min, P=0,67
— 20,3 K/min, P=1

P,,=100%

10 20 30 40 50 60
Time / min
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Common model in Kinetics Neo
depending on the partial pressure of gaseous reactant NETZ5CH

Model Based

s

Legend

= All Curves

u < 199 K/min, P=0,33
m — Fit

u < 20,0 K/min, P=0,67
m — Fit

m € 20,0 K/min, P=1
= — Fit

s < 0,0 K/min, P=0,33
m — Fit

a ¢ 0,0 K/min, P=0,67
m — Fit

1 € 0,0 K/min, P=1

= — Fit

Mass / %

75

0 10 20 30 40 50 60 70
Time / min
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Verification: Predictions for 100% H,, different heating rates

TG /%
Prediction
100 2 : Dynamic, P 1 bar . 100 .
5K/min 5K/min
s 10K/min o5 10K/min
20K/min 20K/min
90 90
=
2
85 85
80
80
75200 300 400 500 600 700 800 200 3'00 400 560 600 760 800
Temperature / °C o 20240506 1208 Lo lens Mosina Temperature /°C
Simulations for 100% of H, Experiment
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Verification of kinetic model:
comparison of simulated and measured data

NETZSCH

Legend
= All Curves

a ¢ 50K/min, P=1
m ==Sim,5K/min,P=1
m € 10,0 K/min, P=1
m ==Sim,10K/min,P=1
m € 20,3 K/min, P=1
m| ==Sim,20K/min,P=1

Model Based
100 &
95
P,,,=100%, 20K/min

90 PH2:1OO%’ 10K/m|n
g
8 P,,,=100%, 5K/min

85 -

80

75 : ; ‘ ‘

200 300 400 500 600 700 300 900

Temperature / °C

1000
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NETZSCH

Decomposition of CaCO, under partial pressure of CO,

‘ 2 2 Reversible reactions with Gaseous Reactant

kinetics.netzsch.com 11



Reversible Reactions NETZSCH

Reversible reactions A (:) B
Forward: A—-B Ay exp( ) f1()
E,
Reverse: A<B A, exp( ) f2(a)

Rection rate ., = Reaction rate ,.,..s — Reaction rate ...
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Decomposition of CaCO, in Nitrogen NETZ5CH

1. Nitrogen only
CaCOz —» Ca0 + CO,
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Decomposition of CaCO, in Nitrogen, Pressure=1bar NETZSCH

Model Based

s:;; Fn, N2
100, voesswasamamms: ST Y. Legend
95
90
85
m < 50K/min, P=0
=R 80 m — Fit
- m <O 10,0 K/min, P=0
S — Fit
=75 u i _
m < 20,0 K/min, P=0
A m| — Fit
70 4
CaCO3 - Ca0+C02 3
65 ,
60
- |
450 550 650 750 850 950

Temperature / °C
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Decomposition of CaCO, in Nitrogen with CO, NETZ5CH

1. Nitrogen only (only forward reaction)
CaCO; = CaO + C()2

da

a—Aexp( ) f(@

2. Nitrogen with CO, (reaction is reversible, P is partial pressure of CO,)

CaCO5 = Ca0 + CO,

da

Fri = A exP(R )f1(0() P”Azexp( )fZ(O‘)

CO, is the reactive gas for reverse reaction

The rate of reverse reaction depends on the CO, concentration

The higher partial pressure of CO, - the higher rate of reverse reaction
and therefore, the total decomposition is later

kinetics.netzsch.com 15



Common kinetic model for decomposition of CaCO,
in Nitrogen with partial pressure CO, (total Pressure=1 bar)

NETZSCH

100

Model Based
s:; FnR, N2+C02

95

90 -

60

CaCO; = Ca0 + CO,

55 !
450 550

650 750 850 950
Temperature / °C

Legend

= All Curves

m © 50K/min, P=0,1
m — Fit

m € 10,0 K/min, P=0,1
m — Fit

m < 20,0 K/min, P=0,1
m — Fit

m < 50K/min, P=0

m| — Fit

m < 10,0 K/min, P=0
m — Fit

m < 20,0 K/min, P=0
m — Fit

m < 50K/min, P=0,3
m — Fit

m € 10,0 K/min, P=0,3
m — Fit

[] 20,0 K/min, P=0,3
[] Fit

kinetics.netzsch.com

16



NETZSCH

Pressure-Dependent Reactions in Inert Gas
2 . 3 Decomposition of CaOx*H,O under high pressure of N,
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CaOx*H20 at different heating rates and different pressure of N2

NETZSCH

Source Data

Legend

100
All Curves
Evolved: H,O 201min =1
® == 5,0 K/min, P=1
90 == 10,1 K/min, P=1
== 20,0 K/min, P=1
19,2 K/min, P=5
— 194 Klm?n, pfw
80 Evolved: CO  loaKymin a0
x
E 70
= 20K/min
60 .
10K/min
! BK/min Evolved: CO,
2K/min
40

100 200 300 400 500 600 700 800 900 1000

Temperature / °C

normal pressure 1 bar,
different heating rates

100

920

80

60

50

40

Source Data

eeeeee

== 5,0 K/min, P=1

== 10,1 K/min, P=1

== 20,0 K/min, P=1
19,2 K/min, P=5
== 19,4 K/min, P=10
== 19,2 K/min, P=20
= 19,2 K/min, P=50

Evolved: H,O

Evolved: CO

P\>=5 bar

Pn>=10 bar
Pn2=20 bar
P\>=50 bar

Evolved: CO,

100 200 300 400 500 600 700 800 900 1000
Temperature / °C

Heating rate 20K/min,
different pressures of N2
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Decomposition of CaC,0,*H,0 in Nitrogen under high pressure NETZSCH

Nitrogen, High Pressure

CaC204 * H20 pad CaC204 + H20

CaC,0, » CaCO5 +CO
CaCO; 2 CaO + CO,

N, is the inert gas. It has no influence on the forward reactions for all steps.

It has no influence on the second step, because the second step is non-reversible reaction.

For high pressure of N, the diffusion coefficient is lower and the products (H,O for the first step and CO, for the third step) can
not be removed fast from reaction zone.

Then for high pressure the reverse reaction is faster, and the total decomposition is later.
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Decomposition of CaCO, in Nitrogen with CO, NETZ5CH

Step 1: reaction is reversible, prefix F: forward reaction, B: reverse reaction, P is pressure of N,
Ca6204_ * H20 pad CaC204_ + H20

(cil_(: = A exp (_IfT ) fir(@) — Awexp( )le(oc) =PmA exp(

Step 2: only forward reaction

A

CaC,0, —» CaCO3 + CO
da

E—Az exp( ) f2(@)

Step 3: reaction is reversible, prefix F: forward reaction, B: reverse reaction, P is pressure of N,

CaC0O5; 2 Ca0 + CO,
da

dt = ar exp <_IfT ) far (@) = A3BexP( )fsB(O() =P A exp( )fs(a)

kinetics.netzsch.com

20



Common kinetic model for decomposition of CaC,0,*H,0 in Nitrogen, NETZSCH
different pressures from 1 bar to 50 bar, different heating rates: see legend

Model Based
t:; all Pressures
110 Legend
= Afl Curves
m < 2,0 K/min, P=1
100 m — Fit
m < 50K/min, P=1
m| — Fit
90 - = © 10,1 K/min, P=1
m| — Fit
m < 20,0 K/min, P=1
80 m| — Fit
= m < 192 K/min, P=5
~ m| — Fit
ﬁ 70 m © 19,4 K/min, P=10
= m| — Fit
m <€ 19,2 K/min, P=20
60 m| — Fit
m < 192 K/min, P=50
m| — Fit
50 -
40 -
30 - - -
0 200 400 600 800 1000 1200

Temperature / °C

Optimal parameters for pressure: n,=-0.75, ng=-0.73 21




NETZSCH

Thermosets, composites, photopolymers

3 3.1 UV intensity for DSC, DEA
3.2 Diffusion control for DEA, Rheology
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NETZSCH

3.7 Curing depending on intensity of UV light

kinetics.netzsch.com 23



UV curing at different temperatures and different intensities (10kHz)

NETZSCH

Model Based

s;

Temperatures

for 75mW/cm?
» * 90°C
" * 150°C

Isothermal DEA measurements at 30°C, 90°C, 150°C
for light exposure at 75mW/cm?

Model Based

s;

UV Intensities at 30°C

:2 e 36 mW/cm?
b e 75 mW/cm?

e 150 mW/cm?
* 300 mW/cm?

Isothermal DEA measurements at 30°C for light exposure
at different intensities from 75mW/cm?2 to 150mW/cm?

Data: https://4spepublications.onlinelibrary.wiley.com/do0i/10.1002/pen.26353 24
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Common model in Kinetics Neo

depending on both temperature and the intensity of UV light

NETZSCH

Model Based

53

log(ion visc) / (Ohm*cm)
Mo )] [\ =] na PJ Mo "] )]

—_
Ys}

—_
]
—_

5 7
Time / min

|
—_—
[N

Temperatures
 30°C
 90°C
 150°C

UV Intensities

e 36mW/cm?

e 75mW/cm?

e 150mW/cm?2
¢ 300mW/cm?2

Data: https://4spepublications.onlinelibrary.wiley.com/do0i/10.1002/pen.26353
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NETZSCH

3 . 7 Diffusion control for DEA, Rheology
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Diffusion control for new data: DEA, Rheology NETZSCH

NETZSCH Kinetics Meo - DEA_with_intensity10kHz.kinx2

New Project

New

Open

Import Data (ASCII) D S C
Import Data {.KN3) DSC Curing TG

Differential Scanning Differential Scanning Thermogravimetry
Save Calorimetry Calorimetry with
Diffusion Control

Save As...

Print

Export...

ij_m DEA ARC Viscosity
Settings Curing Temperature Curing

Gl el Dielectric Analysis fea gic;:lgﬁgi;iew

License Manager . —_—

T T T N . W T ey Py R, W W VO W . T VRS

F T S W W SO S Y VY W W VY P S Y W I W VW VY YV VT VYWY SV WYY W

Reactions of curing and cross-linking near glass transition temperature are diffusion controlled
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Amorphous material (Polymer) NETZS5CH

Reaction
finished

AN | N

Glassy I
state
Slow curing Tg Fast curing
T<Tg T>Tg

Glass transition
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Kinetic analysis of DEA data for curing with diffusion control

NETZSCH

@
Concentration | [LUEENEEENT @ 8 C @ Themes
J
Time Conversion Reaction Rate Absolute 'IA —I = Crystal Light =
L Tystal Lig
Log(Time) | Conversion Rate Sum of Peaks Relative - Add Text Copy I:ﬂaa\g}e Esg?: Hesatl | v)
X Axis | Y Axis ‘ ¥ Scale | | Chart | Zoom | Themes ~
— .
Glass Transition Temperature
» Source Data Glass Transition Temperature
Conversion | Tg/°C | | 140 Legend
GII Transition Data ] 0000 368 X% Al Curves
120
» Analysis 0,200 203 % > Glass data
M —Fit
0390 11 x ]
100
0,530 16,7 x
0,600 277 x
80
0,670 358 %
0,670 379 % L.
EJ 60
0,690 413 x %
o
0,700 38,2 x 2
'g 40 3
0710 43,9 x
1,000 1261 x 20
Calculate
. 0
Interpolation
Spline | JEE:ELES L
-20
Parameters:
Name Value
! ! -40 T ; i T
Tgo 35,27 0 01 02 03 04 03 06 07 08 09
Conversion
Tal 195 A8

kinetics.netzsch.com
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Kinetics on DEA Data for epoxy curing with diffusion control NETZS5CH

Model Based
d:; Cn, Fn diff
11,5 Legend
All Curves
< 1,0 K/min
11 — Fit
< 2,0 K/min
— Fit
10,5 © 3,0 K/min
- — Fit
£ i
*U
-g 10 |
<}
~
]
295
2
=)
o
9
8,5
8 .
20 40 60 80 100 120 140 160 180 200

Temperature / °C
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NETZSCH

Flexible Data Evaluation

4 4.1 Evaluation of arbitrary data
4.2 Kinetics for incomplete data
4.3 New reaction types
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NETZSCH

Evaluation of Arbitrary Data

4 . 1 . Differential data

* Integral data
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Arbitrary data NETZSCH

< New Project

New

Open

Import Data (ASCII) DSC
Import Data (.KN3} DSC Curing TG D | L DEA

Curing
Differential Scanning Differential Scanning Thermogravimetry Dilatometry
Calorimetry Calorimetry with Dielectric Analysis
Diffusion Control

Print \

Export... .

Project Arbitrary Arb |trarly

setings Viscosity Rheometry Differential Integra
Curmg Torque like DSC, DTA, DTG like TG, DIL, DEA

About f Downloads Storage Modulus

MS, Reaction rates
Concentrations

License Manager
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Arbitrary differential data

NETZSCH

Arbitrary

Differential
like DSC, DTA, DTG

MS, Reaction rates

Usage:

DTA (differential thermal analysis)
MS (mass-spectrometry)

Other differential data,
containing the reaction peak like DSC

kinetics.netzsch.com
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Arbitrary Integral Data

NETZSCH

Arbitrary
Integral

like TG, DIL, DEA
Storage Modulus

Concentrations

Usage:

Measured concentrations
Conversion

Storage modulus
Absorbance

Other integral data
containing reaction step like TG

kinetics.netzsch.com
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NETZSCH

‘ A ) Kinetics for Incomplete Data
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Incomplete Measured Data: Final Part of Reaction Is not Present NETZSCH

mass conversion a(t)

Reactant 1

Complete

time time

Am(t)

a(t) =
ATnto tal

mass conversion a(t)

Reactant

1
: Am(t
Incomplete m{t) Amiosi /
0]

Y

time time
a(t) = Am(t)

. AMiorar
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Incomplete Measured Data

NETZSCH

== NETZSCH Kinetics Neo - Tg_burn_Data_incomplete kinx2 - o
m View Help €
e | Conveion  nacton e n @] B&8c & =
. . = Gopy Save Print Export | Reset | Crystallight O
og(Time) | Conversion Rate Sumof Peaks | Relative Add Text o e ——
| J
X Axis. | Y Axis | Y Scale | | Chart | Zoom | Themes | .
= :
. Source Data
. Source Data Files
1159100 TXT Show Additona Guies Lagend
% FI155050.TXT L) Temperature 100 All Curves
% FI157030.TXT
— 10,0 K/min
@ mewonn — somn Set total thermal effect
FI160003.TXT — 3,0 Kfmin
FI156001.TXT o — 1,0 K/min f h d
296 \ — 03 Kimin or eaCh measured curve
+ nalysis 2 — 0,1 K/min
=
v Model-Free 94 KBRS - NETZSCH Kinetics Neo - Tg_burn_Data, lete kinx2 = - o
ASTM E698 HAl=] inetics Neo - Tg_burn_Data_incomplete kinx
ASTM E2890 m View Help
92
T v cRaer a™
Dynamic Arhe Time Conversion  Reaction Rate -IA _] =
Isothermal Art 90 7 e T —_— = Undo Save  Print Export | Resst || Crystal Light
ASTME2070 0 50 100 15 200 250 300 350 4pp “os(fimel  ConversionRate SumofPeaks  Relative DCREe Image Data
Friedman Temperature / °C
XAxis | ¥ Axis | Yscale | Chart | zoom | Themes
v so Data Preparation Source Data
FI159100.TXT
Range 100 Legend
I h I ff . FIT55050 TXT Left Right 99 Al Curves
Total thermal effect: @rsoona | sses |z 8 P
FI161010.7XT
sehctsd o7 — Raw Smoothed Data
FI160008.TXT — Leftrange
. .
Mass IOSS (TG) % FI156001.TXT Smoothing =2 96 \ Right range
m 1](2)(3fla]|5]]¢e =
O EE e O 2 951
. (DSC) - g
Pea‘k area (DSC v Analysis Show Additional Curve S g4
v Model-Free
*  Length change (DIL) = 93
) ASTM E2890 Mass, 5 92
ASTM E1641
+  Signal change (DEA, Rheometry) eating e, kimin | 100 | o1
Dynamic Arrhe: —
Isothermal Arrt 90 . i
50 100 150 200 250 300 350 400 450 500
ASTM E2070 N
Temperature / °C
Press F1 for hel
kinetics.netzsch.com — 00



Incomplete Measured Data: Final Part of Reaction Is not Present NETZSCH

Source Data

Legend
09 All Curves
—— 10,0 Kfmin
— 5,0 K/min
— 3,0 K/min
= 1,0 K/min
07 _
= 0,3 K/min
— 0,1 K/min
5053
o
g
Q
w
03
01
-0,1 T
0 50 100 150 200 250 300 350 400 450

Temperature / °C
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Model Based Analysis for Incomplete Data NETZS5CH

Model Based
d;

Legend

All Curves
< 10,0 K/min
— Fit

< 5,0 K/min
— Fit

< 3,0 K/min
— Fit

< 1,0K/min
— Fit

< 0,3 K/min
— Fit

< 0,1 K/min
— Fit

09

0,7

o
wn

Conversion

S8008080/0/0/0/0/0/0 3

o
w

0,1

0 50 100 150 200 250 300 350 400 450
Temperature / °C
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NEW: Model-Free Analysis for Incomplete Measured Data NETZSCH

Model Free
Numerical: ConversionFit
Legend

09| Numerical model-free method Al Curves

% - < 10,0 K/min
— Fit
< 5,0 K/min
— Fit
< 3,0 K/min
— Fit
< 1,0 K/min
— Fit
< 0,3 K/min
— Fit
< 0,1 K/min
— Fit

0,7

o
U

Conversion

o
w

0,1

‘0,1 ! T T
0 50 100 150 200 250 300 350 400 450

Temperature / °C

kinetics.netzsch.com 41



NETZSCH

New Reaction Types

4 _ 3 . Reversible reactions

. Reaction of n-th order with diffusion
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Reversible Reactions of n-th order NETZSCH

NEW: FnR AZ2B
Forward: A-B Aq exp( ) f1(a)
E,
Reverse: A<B A, exp( ) f(a)
da —

i = A, exp(RT) f1(a) — Azexp( )fz((x)

Rection rate ..., = Reaction rate ... — Reaction rate ..

kinetics.netzsch.com 43



Reaction of n-th order with diffusion

NETZSCH

3-dimensional diffusion in the literature

D3:Jander

D4:Ginstling-Brounstein

Zhuravlev-Lasokin-Tempelman

General equation:

https://doi.org/10.1016/S0040-6031(03)00222-3

1-dimensional diffusion
D1:
NEW DFn:

1.5*(1-a)?3/ (1-(1-a)'?)
1.5*(1-a)3/ (1-(1-a)?)
1.5*(1-a)*5/ (1-(1-a)'3)

1.5*(1-a)"/ (1-(1-a )3

0.5 /a
0.5 /a*(1-a)"

kinetics.netzsch.com
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Reaction of n-th order with one-dimensional diffusion for decomposition NETZSCH

Properties Properties 1
Model Based X Model Based
Model d: d:: Fn, Fn Model d: . d;; Fn, DFn
Description: Fn.0Fn 2 Legend Description: | Fn, DFn Legend
Optimize Fit To: | Signal > All Curves Optimize Fit To: | Signal < Al Curves
M © 50mn 50Kimin
i —
A B c & 10,1 Kfmi Al e Jc & 101 K/mi
= & —F L _;sm
# © 25Kmn © 25Km
—Fn =G
Rection Reaction Steps.
A-8 Fn
A-B Fn
)< » o D RN
Stop: A8
Stop: A-B
§ Reaction Type: | Fn,n+h order
ReactionType: | Fn, nthorder
Equation
Equation
sctivationEnergy/(RT)] o
Adjust
ied P JES )
et T ES [ 450 450
] [p¢] 3 [\2
€3] ¢ (3| N2

Fn NEW: DFn

New reaction type DFn for the first-dimensional diffusion with n-th order.
DFn reaction type considers diffusion process in the material during decomposition.
It adds the diffusion mechanism to the classical reaction of n-th order (Fn).
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NETZSCH

User Interface (Ul) is reworked
5 for native look in Windows 11

New colorful themes
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HA=R= NETZSCH Kinetics Neo - Ep_Resin_DSC._Analysis kinx2 - o x

e [ v v
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Agenda NETZSCH

1. Reactions depending on additional parameter

2. Pressure-dependent reactions
1. Partial Pressure of Gaseous Reactant like Hydrogen for Metal Oxides.
2. Reversible Reactions with Gaseous Reactant in Reverse Reaction
3. Pressure-Dependent Reactions in Inert Gas

3. Thermosets, composites, photopolymers:
1. Curing kinetics depending on intensity of UV light
2. Curing reactions with diffusion control (DEA, Rheology)

4.  Flexible Data Evaluation
1. Evaluation of Arbitrary Data
2. Kinetics for Incomplete Data
3. New Reaction Types

5. User Interface (Ul) is reworked for native look in Windows 11
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