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NETZSCH

1 Classic methods of kinetic analysis
for curing processes




Material properties, important for curing kinetics

NETZSCH

Properties:

* Enthalpy of reaction

*  Gel point,

* Glass transition temperature,
* Heat capacity

* Viscosity

Methods:

DSC,
TM-DSC,
rheology,

dielectric analysis
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Main data for kinetic analysis of curing systems: NEIZSCH
heat flow, shear viscosity, ion viscosity

DSC

Heat flow

A

fast heating

Heating

slow heating

>
Temperature
heat flow conversion
1
AH(t) AHrest
AH(t)
0 a(t) =
AHtotal
AHuotal = AH(t) + AHrest
time time

Temperature conditions: heating with different heating rates or isothermal at different temperatures 5



TM-DSC and Rheology

NETZSCH

TM-DSC: baseline and glass transition

A HeatFlow Glass transition
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ConversionRate / (%/min)

Approaches NETZSCH

da
E=A'f(a)-K(T)

Model based: several steps with constant parameters Model free: one step with variable parameters

Model Based

Model Free
Friedman: ConversionFit

Legend

\*]
1%

n

(%]

N\ (Al Bl lc , -
2— 2% All Curves . 2— All Curves
,, R?=0.999 \ = e e =, R=0.999 A}—+{e 100K/
10,0 K/min, SUM "E- Fit
15 100K/min, A>B =15 )0 5,0 K/min
10,0 K/min, B-> C i v — Fit
10 2 5,0 K/min % 10 4 20,0 K/min
o === 5,0 K/min, SUM g s — Fit
5 . ——5,0K/min, A->B g
5,0 K/min, B->C S
0 2 © 20,0 K/min oo
5 o == 20,0 K/min, SUM
50 0 50 100 150 200 250 300 °~ 200K/minA->8B 50 0 50 100 150 200 250 300
Temperature / °C @ — 20,0 K/min, B > C Temperature / °C
d(a - b) —E4q
———~=A,-fi(a.b) - ex ( ) da —E4(a)
dt 1 fl( ) p RT —:A(a).f(a).exp P,
dt RT
d(b - c) 4, F,(b.0) (_EA2>
— =4, .C) - ex
dt 2 f2 p RT
Unknown values: A, A,, Ea,, Ea,,n,, n,, etc Unknown dependences: Ea(a) and A(a)




Workflow

NETZSCH

Model Based
d:;

A
R?=0.999 AN
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v — Fit
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v — Fit

1. Measured data for the process
at different temperature conditions
(here: heating for epoxy resin)

ConversionRate / (%/min)

2. Kinetic Model for the chemical reaction
Simulated curves must fit experimental data,
R? must be reported

3. Simulated reaction for
new temperatures
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NETZSCH

9  Actual problems of kinetic analysis




Actual problems of kinetic analysis NETZS5CH

Processes, which exists in nature, but not in the classical approach
« Glass transition and diffusion-controlled reaction near it
« Vitrification
*  Gelation

Additional parameter
« Chemical properties of surrounding (presence and concentration of gaseous/liquid reactant)
* Physical properties of surrounding (pressure of inert material)
« Concentration of additive
* Intensity of UV light for photocuring
* Mass ratio for multi-component reactions
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Measurements Step1: enthalpy and glass transition (DSC) NETZSCH

for original material

Moving of Tg during curing

DSC /(mW/mg) / \
oz . 123.6°C, totally cured
-39.7°C, uncured

0.10 A i B — et
0.00 N >

Ot FSat Diglycidylether bisphenol A
e (DGEBA)-based epoxy resin.
-0.20 - 2nd heating é;zak:: ;3406.8 ?,J(/:g 2\/0 O O O\/&
0.30 \.H:i?gl’/
-0.40
050 Reaction enthalpy is found as the peak area

-50.0 0.0 50.0 100.0 150.0

Temperature /°C

kinetics.netzsch.com
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Glass transition, gelation, vitrification: g
Time-Temperature-Transformation diagram based on DSC data =*. NETZSCH

resin.

Model Based Legend
d:; "2 [ All Curves
o] o] (] w—T=Tg
L (YT e -
5 M —a=0.2
H;C CH e M —a=0,3
3 3 —a=0,4
. . — a=0,5
Diglycidylether a=06
bisphenol A a0 - Sy
(DGEBA)-based epoxy —a=08
/|

N

viscose
liquid

Tg(gel)

Temperature / °C
»H
)

-10 Gelation curve
Tgo
ncured
0,1 1 10 100 days

TTT diagram of the investigated epoxy resin

Claire Strasser, Elena Moukhina, and Jirgen Hartmann, Time-Temperature-Transformation (TTT) Cure Diagram of an Epoxy—Amine System, Macromolecules Theory and
Simulations, 2024 2400039, https://doi.org/10.1002/mats.202400039 12



https://doi.org/10.1002/mats.202400039

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

Model Based
1 OO s:; with CO2
TR Legend
Ry, Ny, A All Curves
— L N 0 aR —12NO0
9 Pco,=0 % Pco=30% 7 © 5,0 K/min, P=0,1
N 1% 7 Fit
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v Fit
. 85 2 ¢ 20,0 K/min, P=0,1
< 80 7 Fit
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v .
m ‘/ Flt
= 75 2 © 10,0 K/min, P=0
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65 N 7 Fit
CaC03 — CaO + COZ 2 & 5,0 K/min, P=0,3
60 7 Fit
S B SR 2 ¢ 10,0 K/min, P=0,3
55 'oo... TS . 'y oo-.-u'o'ou'oo:o&ooooo'-"-"' - S Fit
450 550 650 750 850 950 7~ 20,0 K/min, P=0,3
7 Fit

Temperature / °C

Elena Moukhina, NATAS conference 2025
Measurements: Jan Hanss, NGB Laboratory 13



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

NETZSCH
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Actual problems of kinetic analysis NETZS5CH

Processes, which exists in nature, but not in the classical approach
« Glass transition and diffusion-controlled reaction near it
« Vitrification
*  Gelation

Additional parameter
« Chemical properties of surrounding (presence and concentration of gaseous/liquid reactant)
* Physical properties of surrounding (pressure of inert material)
« Concentration of additive
» Mass ratio for multi-component reactions

» Intensity of UV light for photocuring
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NETZSCH

3 Dependence of two-component curing
on mass ratio of reactants
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Curing reaction in solids: NETZSCH

why stoichiometry does not work

= Morphological effects
e.g particle shape

= Complex chemical mechanisms
10 individual reactions are present, but only one peak is seen

= Presence of solvents or additives
= Impurities
= Exact molar masses of oligomers are unknown

= Exact molar concentrations of additives are unknown
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Experimental data: DGEBA (double peak) NETZS5CH

05

Heat Flow / (mW/mag)

Epoxy/Amine

-~ Epoxy/Amine

X

poxy/Amine

Epoxy/Amine

Epoxy/Amine

Legend . . . o] o]
) — o Diglycidylether bisphenol A. A AN
S (DGEBA)-based epoxy resin. O O
S ;[::(:c';i;nr:" H;C CH;
4] — 20,0K/min
~| — 10,0 K/min Source Data
< — 50k/min 0,5 Legend
7 mamn 4 All Curves
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b 2 = 5,0 K/min, ratio 1000:100
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4 === 20,0 K/min, ratio 1000:50
4| === 20,0 K/min, ratio 1000:500

0 50 100 150 200 250 o == 5,0 K/min, ratio 1000:500
Temperature / °C
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Experimental data: Phenylglycidether (single peak)

NETZSCH

DSC / mW/mg
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2:1
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oW Curves Phenylglycidether (epoxy) and bifunctional amine (aniline)
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o
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Experiment: single peak

Legend
< All Curves
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Different shape of the curves

NETZSCH
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Conversion

N =

Log(Pre-exp) Ea

log(1/s) kJ/mol
1 2.9 54
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Different shape of the curves
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) m=== 10,0 K/min, ratio 2:1

20



DSC / mW/mg

Peak position for different concentrations NETZSCH

Phenylglycidether (epoxy) and bifunctional amine (aniline)

O
S+E X T

o\/A
©/ P: Anilin, : /Stoichiometry \

Source Data [CGHS_O_CHZ_CH_yHZ} E+OH «* > E...OH
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+ s p...

= —  All Curves
4 /)—_ 5 1,0 K/min, ratio 1:1 H O S+OH <K—3> S..-OH
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CHz'pH'CHz'O'CGHs v [Beee

o
(¥l

'
—

—
(W]

v e 5,0 K/min, ratio 1:1
v = 10,0 K/min, ratio 1:1
. _i«gzmin"“i" i; gHH EOH+P —“» S+20H
= —S:OKJmin:rariﬂ 1;2 i EOH + POH —*— S+ 3 0H
T2 T, CH,-CH-CH,-0-CgHs | EOH+S —% T+20H
7 2,5 K/min, ratio 2:1 l 6" '5” CH _pH_CH _O_C H ] EOH + SOH L) T+30H
v w5 () K/min, ratio 2:1 2 2 6" '5 K
10,0 KJmin, ratio 2:1 OH EP+P —— S+P+OH
50 100 150 200 250 300
Temperature /°C Analysis of single peak can not be used for 13 reactions

Experiment: single peak
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Problem and theoretical solution

NETZSCH

Problem:

oble nR,+n,R, > P
da 4.1 ) (—Ea)
dt ~ R ATE
d —LEq
= Aor ™ e exp (1)

C1 = Cireact T &1 Cy = Careact + &2

relative concentrations

= N - - - - T =T -]
tn m W W o

Simulated concentrations

cl c2 c_product

C2react

4

time/min

:3 C1 Cp 82
2

1 CpO

' 0 5 10 15 20 25 30 35 40
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Data for verification of theoretical solution NETZSCH

Model Based
. . =30 iegend
Simulated concentrations E £ Ratio: 1:4 o Al Curves
——cl ——c2 ——c_ product =20 % 5,0 K/min TITLE VALUE
) @ 7 o . Fit ActivationEnergy 100,000
03 02 213 . ¢ 10,0K/min || g preexp) 9,546
0.8 § 4 . < —Fit ) ReactOrder n 2,097
- _“‘—-\‘—-—_; @ <0 00K/min | ton 1,000
w 07 z . —Fit
=] (=]
E 06 v
g 100 150 200 250 300 350
§ 0.5 Ratio: 1:4 Temperature / °C
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: -
2 ¢
£ 02 Ea l:':i)g) n Peak Area PreExp ¢ N kCat ,c  Peak
AC
0,1 kJ/mol log(1/s) no AC no AC log(1/s) log(1/s) Area xc
0
0 5 10 15 20 25 30 35 40 100 9.99 1.05 0,07 10.01 1.01 -0.23 0,07
time/min 100 9.96 1.09 0,14 9.99 1.03 0.03 0,15
100 9.91 1.20 0,27 9.97 1.10 0.26 0,28
: : . 2 1 100 9.67 2.99 0,95 9.68 3.00 0.99 0,95
SImUIatlon with known parameters 100 9.72 2.59 0,86 9.74 2.49 0.85 0,81
n,=2, n,=1, Log(A)=10, E=100, Kcat=1 100 973 240 0,75 975 230 079 1,00
o _ _ 100 972 226 0,62 973 218 072 063
Kinetic analysis must find those parameters 100 968 218 05 969 211 064 0,51
. . . 100 9.49 2.08 0,25 9.48 2.02 0.35 0,25
which were used for simulation 100 926 205 0,14 925 201 010 0,14
100 9.00 2.03 0,07 8.98 2.01 -0.17 0,07
100 8.63 2.02 0,03 8.63 2.00 -0.63 0,03

100 8.33 202 0,02 8.34 2.00 0,02



Solution: theoretical curves

NETZSCH

Reaction order

Pre-Exponent

35 Alpha=0.7 | nfrom analysis B PreExpAC ® PreBExpnoAC PreExp theory
, 1
! 10,50 ,
3 1
I
= 10,00 |
- 25 E I u
1 o
:, 5
3 = 950 |
c = I
s 5
515 3 I
g 2 a00 !
o '-f.-'u - I
1 s I
T 1
05 5 850 X
I
0 I
8,00 1
0 01 02 03 04 05 08 07 08 08 L 0 01 02 03 04 05 06 07 08 09 1
R2 R1, mol% R1 R2 R1, molth R1
Enthalpy factor Pre-Exponent Autocatalysis
wKanac  oKamnoac —Katheary B kCatAC  ——kCat theory
1,50
1,00 1
0,90 1
0,20 1,00
5070 z
£ 080 2 050
& 0,50 &
=
£ 040 5
2 5 000
0,30 = 1
Ed
020 S
-0,50
0,10
0,00
0 01 02 03 04 0.5 06 0.7 08 02 1 1,00
R2 R1, mols RL R2 R1, molt R1

Vertical dashed line presents the optimal ratio
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Verification of theory on simulated data: common kinetic model

NETZSCH
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Legend
All Curves
> 10,0 K/min, conc.ratio 80:1
—
© 10,0 K/min, conc.ratio 20:1
— Fit
© 10,0 K/min, conc.ratio 10:1
— Fit
© 10,0 K/min, conc.ratio 1:1
—
10,0 K/min, conc.ratio 1:2
Fit
© 10,0 K/min, conc.ratio 1:5
— Fit
© 10,0 K/min, conc.ratio 1:10
—
© 10,0 K/min, conc.ratio 1:20
— Fit
10,0 K/min, conc ratio 1:50
Fir
© 10,0 Kfmin, conc.ratio 1:100
— Fit
© 10,0 K/min, conc.ratio 7:10
— Fit
& 10,0 K/min, conc.ratio 4:3
—
© 10,0 K/min, conc.ratio 2:1
—

0,0014 TITLE VALUE
ActivationEnergy 100,000
0,0012
Log(PreExp) 10,07
0,001 ReactOrder n 1,996
_ Log(AutocatPreExp) 0,916
G
E 0,0008 ReactOrder2 1,066
P
B
< 0,0006
i=l
T
9
& 0,0004
0,0002
100 150 200 250 300 350 400 450

Temperature / °C

Simulation with known parameters
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Verification procedure provide expected parameters

Maximal enthalpy is for optimal ratio

Legend
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— Fit
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DSC / mW/mg
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Kinetics Neo: common kinetic model: Phenylglycidether (single peak)

for all concentration ratios and all heating rates

NETZSCH
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Kinetics Neo: common kinetic model: DGEBA (double peak)
for all concentration ratios and all heating rates

NETZSCH
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NETZSCH

4 Dependence of photocuring
on intensity of UV light
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Experimental

NETZSCH

JTechnical Data Phot©@centric

@ UV DLP Firm

Polymers for Additive Manufacturing
Acrylate based photopolymers
tradename “UV DLP Firm”

from company Photocentric 3D

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

Measurement by NETZSCH
DEA 288

Light source: OmniCure® S

2000,
wave length: 320 nm to 500 nm

IDEX sensor for DEA cure monitoring
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Free-radical polymerization

NETZSCH

UV light » + M (Monomer) . +M

Photo Iinitiator > X > X-M > X-M-M ...

radical

da

i = Intensity™ A exp ( ) f ()

Applications: coating, electronic materials, printing, additive manufacturing
and packaging by using of UV curable resins or UV inks.
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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/doi/10.1002/pen.26353 31
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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)
(A%
w

)]
—_

-1 1 3 5 7 9
Time / min

Temperatures

30°C
90°C
150°C

UV Intensities

36mW/cm?
75mW/cm?
150mW/cm?
300mW/cm?

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

B  Conclusion
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Agenda NETZSCH

1. Classical methods of kinetic analysis for curing processes

Introduction,
Approaches

2. Actual problems of kinetic analysis:

Autocatalysis, diffusion control, influence of additional parameter
3. Dependence of two-component curing on mass ratio of reactants
4. Dependence of photocuring on intensity of UV light

5. Conclusion
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Unique: Kinetics Analysis must fulfils ICTAC kinetics recommendations ~ INETZSCH

International Confederation for Thermal Analysis and Calorimetry

Thermochimica Acta 689 (2020) 178597

Contents lists available at ScienceDirect "
thermochinica acta

Thermochimica Acta

journal homepage: www.elsevier.com/locate/tca | =

Review

ICTAC Kinetics Committee recommendations for analysis of multi-step

kinetics

ii»

Sergey Vyazovkin™*, Alan K. Burnham”, Loic Favergeon®, Nobuyoshi Koga“, Elena Moukhina®,
Luis A. Pérez-Maqueda', Nicolas Sbirrazzuoli®

* Deparement of Chemisery, University of Alabama at Birmingham, 901 S. 14th Street, Birmingham, AL, 35294, USA

® Alan Burnham Consultant, 4221 Findlay Way, Livermore, CA, 94550, USA

© Mines Saint-Edienne, University of Lyon, CNRS, UMR 5307 LGF, Centre SPIN, F-42023 Saint-Etienne, France

9 Deparmment of Science Educarion, Graduate School of Educarion, Hiroshima University, 1-1-1 Kagamiyama, Higashi-Hiroshima 739-8524, Japan
© NETZSCH-Gerdtebau GmbH, Wittelsbacherstrasse 42, Selb 95100, Germany

? Instituro de Ciencia de Materiales de Sevilla, C.S.1.C-Universidad de Sevilla, C. Américo Vespucio No. 49, 41092 Sevilla, Spain

& University Cote d’Azur, Institute of Chemistry of Nice, UMR CNRS 7272, 06100 Nice, France

ARTICLE INFO

Keywords:
Crystallization
Decomposition
Degradation
Polymerization
Pyrolysis

ABSTRACT

The present recommendations have been developed by the Kinetics C of the Inter
Confederation for Thermal Analysis and Calorimetry (ICTAC). The recommendations provide guidance on ki-
netic analysis of multi-step processes as measured by thermal analysis methods such as thermogravimetry (TGA)
and differential scanning calorimetry (DSC). Ways of detecting the multi-step kinetics are discussed first. Then,
four different approaches to evaluation of kinetic parameters (the activation energy, the pre-exponential factor,
and the reaction model) for individual steps are considered. The approaches considered include multi-step
model-fitting as well as distributed reactivity, isoconversional, and deconvolution analyses. For each approach
practical advice is offered on its effective usage. Due attention is also paid to the typical problems encountered
and to the ways of resolving them. The objective of these recommendations is to help a non-expert with effi-
clently performing multi-step kinetic analysis and interpreting its results.

Model free analysis

Multi-step model-fitting (model based)
Diffusion control for curing
Crystallization kinetics

Kamal model for curing

Deconvolution analysis (sum of peaks)

a4 KINETICS
i 'm NEO

kinetics.netzsch.com
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NETZSCH Kinetics Neo Web Site
https://kinetics.netzsch.com NETZ5CH

Users Guide, Training examples,

[ | #€ Kinesic Analysis of Chemical Rez X | E€ Version 250 - Kinetics Neo X | M Version 250 - Kinetics Neo x|+ - s fa
(@] () https;//kinetics.netzsch.com/en/what-is-new;/release-history/version-250/##¢3308.. [} Q v ® Q 7= 15

Webinars: (pdf and video): S
« Advantages and disadvantages of different kinetics approaches. NETZ5CH

Proven Excellence.

* Unique and powerful features of NETZSCH Kinetics Neo software Simuiated viscoiy ford ferent heatng ates
» Crystallization

KineticsasaSenvice Leern FAQ. Applications  Supportand Service  Docs

L NETZSCH Kinetics Nas - Viscosity ARALTIDE Datakins2 - o x
* Polymers —C) -
Trial Version 30 days = ;
Method / Model 65 — 2 K/min
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= = ©O & £ hitpey/Kineticsnetzsch.com/en/learm, bid o= Fral Temparstors__|21000] | 551 16 K/min
~ Minimal Heating Rete | 1.00[ K/min! i

NETZSCH Websites v 3 Englishv | Contact Vicimal Heating fate | 1600

200

F
»

“E'I'zst“ What s New  Featur

AQ. Applications  Supportand Service  Docs Q

[
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ool

log(Visc.) / (Pa*s)

2,5
How To: DSC, 1 Step, Isomerization of Azobenzene How To: TGA, 1 Step, CaOH2 . 21
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Press Fl for help

How To: DSC Curing, Model with Diffusion Control How To: TTT Diagram, DSC Diffusion Control

Import of User-Defined Data Literature

New Prediction of Viscosity

We have a new feature in version 2.5: prediction of viscosity values of signal. For this purpose we have added a new scale for the Y axis:

Literature "Absolute Raw"

Literature about Kinetics: Theory, Methods, Applications.

Home | View  Help
- Temperature  Signal Concentration | IABSONEREW
Appllcatlons Time Conversion Reaction Rate ~ Absolute

https:f/kinetics.netzsch.com/enleamy 1ti0ONS
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Curing reaction in solids:
why stoichiometry does not work

NETZSCH

Dependence of two-component curing on mass ratio of reactants

Dependence of photocuring on intensity of UV light

= Morphological effects
e.g particle shape

= Complex chemical mechanisms
10 individual reactions are present, but only one peak is seen

= Presence of solvents or additives

» |mpurities

» Exact molar masses of oligomers are unknown

= Exact molar concentrations of additives are unknown

37



You can rely on NETZSCH. NETZSCH

Proven Excellence.
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kinetics.neo@netzsch.com
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