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NETZ5CH

1. Target of thermokinetic

crystallization analysis

Brief overview of the problems solving
by crystallization kinetics




Purposes of kinetic analysis NETZSCH

A — B

reactant product
(melt)  (crystal)

Academic Industrial
Crystallization mechanism is the subject of study Crystallization mechanism is unknown or not important

- Predict crystallization rate and degree of crystallization for given

- Find and describe the kinetic
temperature program

mechanism of crystallization

- Optimize industrial processes: decrease production time and costs
and improve the quality of product

kinetics.netzsch.com



Measurements for kinetic analysis:
Differential scanning calorimetry

fast cooling

A Heat flow

T slow cooling

cooling

>
Temperature

Differential scanning calorimetry: heat flow is measured during temperature change

kinetics.netzsch.com



Polymer for Heating and Cooling NETZSCH

DSC /(mW/mg) Heating
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Conversion a(t) for DSC data is apparent degree of crystallization NETZ5CH

heat flow

conversion a(t)
1

AH(t)

AHtota = AH (t) + AHrest

time time

AH (t
a(t) = (t)
AHtotal

DSC: Conversion is the ratio of the partial enthalpy change at given time point to the total
enthalpy change at the final time point

kinetics.netzsch.com Moukhina Kinetics 7



Crystallization kinetics in Kinetics Neo NETZSCH

Crystallization rate

Avrami nucleation Sestak-Berggren

i« \/

Model based i A-f(a) K(T)
. / \ Non-Arrhenius
Arrhenius

Hoffman-Lauritzen Theory

N

da
Model free ’ = A(a) - (1 — ) - exp [

—E(a)
RT

kinetics.netzsch.com 8



Steps to solve Kinetic Tasks in Kinetics Neo

s¢ NETZSCH

Measured Data Import .
P . Kinetic Model / Method
DSC data and Processing
Avrami
File 1 ‘ Processed File 1 ‘
Nakamura
File 2 > Processed File 2 ) || offman-Lauritzen
File 3 ‘ Processed File 3 ‘
File 4 =) Processed File 4 > model free

Simulations

Predictions:
isothermal / dynamic / arbitrary

Predictions:
degree of crystallization /

crystalization rate

Optimization:
crystallization rate

Optimization:
crystallization profile

kinetics.netzsch.com
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NETZ5CH

2. Isothermal crystallization

Measurements, Analysis methods
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€ Isothermal crystallization PA12 at 164°C

0,02
! exo

0

-0,021

s 5
.

DSC / mW/mg
=
o
oo

0 10

20

Source Data

NETZ5CH

kinetics.netzsch.com

Conversion
o
I

1.2

—

o
o

o
o

o
no

o

-0,2°

10

20

Source Data po—
Ol All Curves
0O —162,0 °C
0O — 163,0 °C
— 164,0 °C
L) — 165,0 °C
O — 166,0 °C
O —167,0 °C
O — 18,0 °C
Avrami nucleation
- n
a=1—exp|—K-t"]
da
— =K n(1 - a)(-log(1 — a))" /!
dt
30 40 50 60 70 80 90 —
Time / min 11



€ Isothermal crystallization PA12 NETZSICH

Source Data Legend
0,02 M All Curves
v exo — 162,0 °C
0 " w = — 163,0 °C
\ — 164,0 °C
-0,02- ~ — 165,0 °C
.. — 166,0 °C
-0,04- ” — 167,0 °C
) , — 168,0 °C
(8] end
E -0!06 ' 1,2 source bate Ah’ Curves
; —162,0 °C
E-008 ’ 2 - e
) — 165,0 °C
— 166,0 °C
B -0,1 08" —167,0 °C
— 168,0 °C
012 So6 Avrami nucleation
-0,14 _ n
§os a=1—exp|—K(T)t"]
-0,16 0] o
’ — =K(T)-n(1 —a)(~log(1 — a))""1/1
018 | | — = K(T)-n(1 - a&)(~log(1 - @)
0 10 20 0 ’ _ _ _
K(T) is decreasing function
. %% 10 20 30 40 50 60 70 80 90 u
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Crystallization kinetics: Arrhenius approach NETZSCH

Crystallization rate _ _
Avrami nucleation Sestak-Berggren

f(@)=n- (1-) TIn(@-a)edn  f@)=(1-a) -am - Hn(L-o)

o N\

Model based —=A:-f(a) - K(T)

Arrhenius: K(T) = exp [;—ﬂ

N

da
Model free ’ =A(a) - (1 — ) - exp [

—E(a)
RT

kinetics.netzsch.com 13



Kinetics Neo: kinetic methods for isothermal crystallization

NETZ5CH

H.

Temperature | Signal

Time Conversion

“ Home View Help

Concentration | Absolute Ra

Reaction Rate | Absolute

Log(Time) Conversion Rate  Sum of Peaks Relative

=
=

f Az
Project
4 Source Data
PA12 162C iso.csv
PA12 163C iso.csv
PA12 164C iso.csv
PA12 165C iso.csv
PA12 166C iso.csv
PA12 167C iso.csv
PA12 168C iso.csv
Add New
4 Analysis
4 Model-Free
ASTM EGO8
ASTM E2890
ASTM E1641
Dynarnic Arrhenius
Isothermal Arrhenius

‘Ozawa-Flynn-Wall
Kissinger-Akahira-Sunose

Vyazovkin
4 Model Based
W= Avrami

Add New [ Import

HHXHXXXX

Models Summary

4 Simulation

4 Predictions
Isothermal
Isothermal Lifetime
Dynamic
Multiple Step
Step lso
Maodulated Isothermal
Maodulated Dynamic
Adiabatic
Adiabatic24
Clirnatic
Tirne Temperature Trans.
Fvtarnal Tamn Profila

¥ 5ca
X operties
Model s:
Description:

Optimize Fit Tor

(Arrhenius approach)

Text Image
e Chart
I

Avrami

Signal

A

-

g

Copy to Clipboard  Scheme to Chart

Reaction Steps

A= An 2 > T

Add Independent Step

Step: A—B
Reaction Type:

Equation

d(a->b)/dt=Prq

[in-1)/n]"Exp(-
(RT
Adjust

An, m-Dim. Avrami

MRS

Add Copy Save Print Ex
D

Fn, n-th order

R2, 2D phase bound.
R3, 3D phase bound.
D1, 1D diffusion

(_' ,T D2, 2D diffusion

D3, 30 diff. Jander

IE D4, 3D diff.Ginstling-Brounstein

Parameters

B1, Prout-Tompkins

ActivationEnef

Bna, expanded Prout-Tompkins
| 58, Sestak-Berggren extended ,

Log(PreExp)

C1, 1st order with autocat.

Dimension n

Cn, n-th order with autocat.

Cnm, n-th order, m-Power with autocat.

Contribution

K5, Kamal-Sourour

A2 2D Avrami

| Recalculate

Area

A3 3D Avrami

An, n-Dim. Avrami

L s Mk, Nakamura crystallization (An + HL)
Press F1 for help

SBC, Sestak-Berggren crystallization (SB + HL)

Arrhenius approach
Like for chemical reactions

Arrhenius: K(T) = exp [;—ﬂ

Positive activation energy: chemical reactions go
faster with increasing of the temperature

Negative activation energy (apparent value):
crystallization goes slower with temperature increase

This approach may be applied only at the
temperatures close to melting temperature Tm
and below it

kinetics.netzsch.com
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=€ Isothermal crystallization: Arrhenius approach

NETZ5CH

Model Free

Legend

Model Free

Legend

ASTME2070: ConversionFit M All Curves Friedman: ConversionFit M Al Curves
0,02 l €x0 © 162,0 °C 0,02 © 162,0 °C
— Fit — Fit
0 ¢ 163,0 °C 0 ¢ 163,0 °C
— Fit — Fit
-0,02 © 164,0 °C -0,02] © 164,0 °C
— Fit — Fit
-0,04 © 165,0 °C -0,04| © 165,0 °C
o — Fit o — Fit
E-0,06° © 166,0 °C £-0,06] ¢ 166,0 °C
% — Fit % M d | f — Fit
-0,08- ¢ 167,0 °C -0,08- ¢ 167,0 °C
) M d I f — Fit o oael free M — Fit
v 0,1 0 e ree M ¢ 168,0 °C 2 -0,11 1 * M ¢ 168,0 °C
D r r D '’ r
M — Fit Numerlcal M — Fit
012 ASTM 2070 0,12 0od fit
o bad fit 0141 g
-0,16 -0,167
-0,18" T y T T T -0,18" y y
0 10 20 30 40 50 60 70 0 40 50 60 70 80
time / min time / min
Model Free Legend Model Based Legend
Friedman: ConversionFit All Curves s:; Avrami All Curves
0,02 ¢ 162,0 °C 0,02 © 162,0 °C
— Fit ] M — Fit
0 © 163,0 °C 01 RHBTREEE © 163,0 °C
—Fi — Fit
-0,02 o ::4,0 °C -0,027 ° 1|s4,0 °oC
—F —Fi
-0,041 o ::5,0 °C -0,04 ° ::5,0 oc
— Fit — Fit
5-0,05' 3 1I66,U °C E-O,DS 3 1lss,o °C
= — Fit = — Fit
£-0,08{ M d I f o 1_I57,u oc £-0,081 M Odel based o 1I67,0 °C
2 tabial Lt oie 5 Avrami reaction type o
v 0,1 . © 168,0 °C v 01 < 168,0 °C
C Friedman ” = " q fit P o
o - 012 good fi
o014 good fit s
-0,161 -0,16
-0,18" -0,18" T
0 10 20 30 40 50 60 70 0 40 50 60 70 80
time / min Time / min

Apparent activation energy is negative. Here E = -400kJ/mol
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Comparison of different results and selection the appropriate one

NETZ5CH

Project P
i .‘
I Source Data B

Add Mew
4 Analysis

4 Model-Free
ASTM E698
ASTM E2890
ASTM E1641
Dynarnic Arrhenius
Isothermal Arrhenius
ASTM E2070
Friedman
Czawa-Flynn-Wall
Kissinger-Akahira-Sunose

Vyazovkin
Mumerical Optimization
4 Model Based
si T*Mk opt + = X
s Avrami + - X

si: Sestak-Beggren 4 = X

Add New / Import
1 Models Summary] ,

4 Simulation

Fit To | RZ

[ Source Data
Add New
4 Analysis
I Model-Free
4 Model Based
= Avrami + = X
si: Sestak-Berggren 4 = X
Add Mew / Import

Models Summary

Method/Model Sum of dev. sguares Mean Residual Students coef, 059 F-Tast

si; Sestak-Berggren | Signal | 0,99937 | 0,004 0,001 1,980 1,000
Mumerical Signal [0,99839 | 0,011 0,001 1,961 2,695
Friedman Signal| 099838 [0.011 0,001 1,961 2717

s Avrami | Signal]0,.99818 [0.013 0,001 1,960 2870 _J
ASTMEZ070 Signal [ -0,66195|4,995 0,028 1,961 1207,794

Arrhenius approach
Like for chemical reactions

Works well by using of model free (Friedman and Numerical)
And for model based (Avrami and Sestak-Berggren)

We recommend to use model based Avrami mehod

kinetics.netzsch.com
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=€ Predictions with Avrami model

NETZ5CH

Prediction

Legend

st Avramit Isothermal M All Curves
° W—é/ 160 °C
— 161 OC - - - .
— 1620 Limitations:
-0,05 . — 163 °C . . . .
DSC signal 2 e Predictions with Arrhenius
rediction Legend
Lo “ueane | @pproach work only for
E 160 °C . - .
= »—e-c| Isothermal conditions in the
k-0 ¥ — 162 °C .
2 »—w=c| small temperature range just
02 .| below melting temperature
— 167 °C
-0,25 g 0,6 168 °C Tm
@ — 169 °C
0,5 — °
) S
M U04 Properties Predicti Legend
0 10 IsothermalLifetime Prediction 10 Friedmar:riatlrferl:;uretime M All Curves
0,3 Methad / Madel < . . . 0,5
Frednen . Half-crystallization time o 180 °C
0'2 Minimal Temperature | 130.0 C $ 175 °C
. Maximal Temperature | 180.0|  °C 1 °
0'1 ConverS|0n Temperature Step 500| °C . s ¢ i;g OE
‘ Z _ | Tooe 1000,| min 8
0 2 < 160 °C
0 10 20 30 40 50 60 < o1 o 1o oc
Tlme/mln Isoconversion Curves g ! 0. © 150 °C
| All | |None| |Defau|| |Cu5tor| o
Jo01 L+
ooz 0,01 -
o0z
o4 @
[Jo0s
Sg:gj ! 1 ! I ! !
[ 008 2,2 2,22 224 2,26 228 2,3 2,32 2,34 2,36 2,38
kinetics.netzsch.com S 1000/T / 1/K




€ Isothermal crystallization: LDPE and PP

NETZ5CH

Model Based Legend

0,01
. 102.5°C
103°C 125°C
2"’ 103.5°C 126°C
?E.‘-O,OE 127°C
5003 128°C
" 008 / Avrami reaction type Avrami reaction type
perfect fit perfect fit
008 5 1b 1‘5 20 25 1 10 2 14 16 18 20
Time / min Time / min
Prediction Legend Prediction Legend
s:; An: Isothermal 102 =C s:; 1 Isothermal b Al Curves
1,2 —— 103°C 1 — 120 °C
—_ 104 —_— 122 C
—— 105 °C 0.9' = 124 °C
- —_— —_— . [— o
! 08 "
— 130 °C
08 0.7
g Predictions 506 -
90,6° 505 Predictions
c c
S S04
0,4
03
0. Degree of crystallization vs time at different temperatures 02
’ The higher temperature the slower crystallization 01
0 : - - ' ' ' : ‘ 0 : : :
0 5 10 15 20 25 30 35 40 45 0 5 7 8 9 10
Time / min Time / min
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Isothermal Crystallization: Arrhenius approach NETZSCH

Advantage:
very simple and fast, mathematics of chemical kinetics can be used.

Disadvantages:

1. Arrhenius approach has no physical background. Activation energy is just the apparent
value.

2. Does not take into account diffusion near glass transition temperature

3. Enables only for very small temperature range near melting point. Produces incorrect
predictions outside of this range.

Conclusion: this approach is very simplified, and has very limited working temperature
range

kinetics.netzsch.com 19



Isothermal Crystallization: Arrhenius approach NETZSCH

DSC /(mW/mg) Simulation range
lexo Tg For Arrhenius approach
0.0 Melting
-0.1

02| Heating

-0.3 ; leass Transition

Crystallization

04

-0.5

-0.6 -

|

100 150 200 250
Temperature /°C
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NETZ5CH

3. Non-Isothermal crystallization
(cooling over melting range)

Measurements; Analysis methods

Nakamura equation,
Hoffman-Lauritzen theory
Sestak-Berggren crystallization

kinetics.netzsch.com
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Crystallization for Polyethylene Terephthalate (PET) NETZS5CH

PET ™

040

e ——
1 K/min

Area -38.37 Jig

2 Kimin
Area: -31.47 Jig

i ————
3 K/min R e

Area’ -2515 Jig

4 K/min .
Area: -15.69 J/ig

9 K/min
Area: -11.76 J/g

10 K/min \

< Area -2.504 Jig \

100 120 142 180 180 200 220 240
Temperature "C

Fig. 1. Crystallization curves for polyethylene terephthalate (PET) measured at cooling rates from 1 to 10 K/min

cooling
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« = Kinetics Neo: kinetic methods for non-isothermal crystallization
) Arrhenius approach does not work “Elzs':“

12 OzawaFlynnWall: Analysis M All curves
! < -10,0 K/min
- -5,0 K/min
Project X || Properties x 1 4 KRR~ 0— <~ -4,0 K/min
4 Source Data ~ Model s: ~ . i :;'g Zz::
| ExpDat_039-4-18-02-234xt % Description:  [An 0,005 Sos o oEowm
| ExpDat_039-4-13-02-274xt % o : £ / o /0 Kfmin
| ExpDat_039-4-13-02-314t % Cptimize Fit To: | Signal " %’ —0,02
v ExpDat_039-4-18-02-35.4¢¢ % 0 906 oo
| ExpDat_039-4-18-02-304xt % = / / / — 01
v ExpDat_039-4-18-02-43.txt % ﬂ B ;E,\_,‘ 04 / / / oo —0,2
Add New - Y —0:3
| -~ —
4 Analysis '0,005 > _g’:
4 Model-Free = 0,2 !
ASTM ERDS Copy to Clipboard  Scheme to Chart E —06
—0,7
ASTM E2890 | = '
. - [=2] |
L f | e 0,01 5o =~ OFW model-free
Dynamic Arrhenius A-B An ¥ 'ﬂr o
Isothermal Arrhenius (@)} 02 . —0,95
ASTM E2070 A bnependent Step £-0,015 | Lines are not parallel” =
¢ Friedman . Step: A—B %‘"
Czawa-Flynn-Wall ) ) - j -04' T T T T T T
Kissinger-Akahira-Sunase Reaction Type: | An, n-Dim. Avrami [l aWale 2,1 2,15 2,2 2,25 2.3 2,35 24 2,45 2,5 2,55 2,6
Vyazovkin Equation Fn, n-th order I 1000/T / (1/K)
N Mumerical Optimization d(a->b)/dt=Prq R2, 2D phase bound. Model Free end”
-1)/mFExpl-{ " zawaFlynWall: ConversionFi All Curves
# Model Based fin- 1)/ Expl R3, 3D phase bound. 0,005 eyl & o )
s Nk (An+HL}: PET 4 = % (R 01 10 gt ¢ -10,0 K/min
sz SBC (SB+HL): PET 4 = X Adjust o defﬁus'_D” N R R IR R o F:o K/mi
- <o °
=i + =+ X D3, 3D diff. Jander _0,005
f < -4,0 K/mi
Add New / Import E D4, 3D diff.Ginstling-Brounstein -_ Fi1: m
Meodels Summary Parameters B1, Prout-Tompkins -0,01 ¢ -3,0 K/min
4 Simulation Bna, expanded Prout-Tompkins o — Fit
4 Predictions o ‘SE, Sestak-Berggren extended )l- 5_0'015' ¢ -2,0 K/min
lsothermal ActivationEne T - P—— = — Fit
Isathermal Lifetime Log(Prexg) - Istarderwith autocat. £ -0,02 ¢ -1,0 K/min
Dynamic - - Cn, n-th order with autocat. "J —Fit
Multiple Step Dimension n | Cnm, n-th order, m-Power with autocat, 8 -0,025]
Step Iso Contribution | KS, Kamal-Sourour
m‘jj“:"";:j 'S"therf“a' (75 20 Bram -0,03
odula ynamic Recalculate . .
Adiabatic pS. 30 Avrami 0,035+ OFW n |0de| fl‘ee.
Adiabatic24 Area , n-Dim. Avrami
Clirnstic _ Nk, Makamura crystallization (An + HL) -0,04 b ad f I t
orn=p SBC, Sestak-Berggren crystallization (SB + HL)
~ -0,045" T T :
100 120 140 160 180 200 220
Temperature / °C
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:€ Arrhenius approach: bad fit for both model free and model based NETZSCH

Model Free ‘““ Model Based e
Friedman: ConversionFit M Al Curves s M Al Curves —
0,005 l eXO < -10,0 K/min 0,005 © -10,0 K/min
N S o L Sy S, — — Fit e — Fit
0 ECOLe: ,.,,_._i:’f';;’:,;cl, "*’0.--«,,.... ‘‘‘‘‘ . ""’;':‘E-"‘::. :':'___.»t:' -2 & 5,0 K/min 0 ESCEn "..;,.'.-;-:.z.;!:’.h '"»o'-..,.“‘. a . Pl nis, :'.'._.»-" e & -5,0 K/min
\ ] — Fit : ; A R 4 — Fit
-0,005 & -4,0 K/min -0,005 © -4,0 K/min
— Fit — Fit
0,01 © -3,0 K/min -0,01 © -3,0 K/min
= — Fit o — Fit
E-0.015 & -2,0 K/min E-0.015 & -2,0 K/min
= — Fit = — Fit
E 0,02 s % -1,0 K/min E 0,02 © -1,0 K/min
. — Fi —Fi
%) ; d | f Fit S Fit
500 Model Iree: gro0e Model based:

Friedman 003

-0,03 |
-0,035] ; -0,035- Avraml
bad fit )
-0,04 -0,04 - bad flt
-0,045" . ! 0,045 | [
100 120 140 160 180 200 220 10 120 140 160 180 200 220
Temperature / °C Temperature / °C
Model Free Legend Model Based Legend
0,005 ahi se: ConversionFi M Al curves 0,005 ;8B M Al Curves
' % -10,0 K/min ' © -10,0 K/min
retere Ll res EELCEETeeD, rTry AR, o0 v 4 & s 40 m~n s — Fit ~— Fit
0 oo R T e, oy, . L " < -5,0 K/min 0 © -5,0 K/min
N . R R g A S 4 — Fit — Fit
-0.005 © -4,0 K/min -0,005 © -4,0 K/min
— Fit — Fit
-0,01 4 © -3,0 K/min -0,01 © -3,0 K/min
7 — Fit — Fit
0,015 ] . & -2,0 K/min 0,015 & -2,0 K/min
Model free: : "> ol

¢ -1,0 K/min © -1,0 K/min

KlSSlnger' M — Fit
Akahira-

— Fit

Model based:

DSC/ mW/mg
o
o
¥]

DSC/ mW/mg
o
o
¥]

o
o S
]
n
o
o S
]
n

-0,03 -0,03
0035, Sunose 0035, Sestak-Berggren
-0,04 bad fit -0,04 1 bad f|t
-0,045° T T - 0,045 ] |
10 120 140 160 180 200 220 10 120 140 160 180 200 220
Temperature / °C Temperature / °C

Methods working well for isothermal conditions, can not work for cooling conditions for wide temperature range
Reason: K(T) has non- Arrhenius dependence
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Polymer: Heating and Cooling NETZSCH

DSC /(mW/mg] Arrhenius approach

00 Hoffman-Lauritzen approach Melting ?2
Z
0.1 %
7
02 Heating 1/ %__

74

Class Transion < /%

(" Crystallization

W - Coling

- J

N

-0.3 1

04

-0.5

-0.6 -

g‘-&\(\\\

K 100 150 200 | 250

Temperature /°C
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Crystallization kinetics:
non-Arrhenius approach: Nakamura und Hoffman-Lauritzen

NETZ5CH

Avrami nucleation

da

—=A-f(a) - K(T)

dt
/ Diffusion term Nucleation term
= exp R(T _ exp T -[AT ]f

No viscose flow below Tg  Supercooling

u* activation energy of segmental jump in polymers,
this parameter has universal value 6.3kJ/mol
Ks kinetic parameter for nucleation
AT=Tm-T undercooling from the equilibrium melting point Tm
T,.=Tg-30 temperature at which crystallization transport is finished,
this temperature is 30K below the glass transition temperature Tg.
f=2T/(T+Tm) correction factor

This method defined for total temperature range between T, and Tmelting

kinetics.netzsch.com
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Hoffman-Lauritzen Theory

NETZ5CH

da

dt

Log (K]

-10

-15

-20

-25

-30

A-f(a)-K(T)

o0

K(T) =exp<

o
R(T — Too)) 1¢4P <

_KG
(T — Tm)f)

Diffusion term

log( K(T))

140

Nucleation term

Temperature/C

190

-
Range 1 Range 2
crystallization crystallization
rate rate
Increases decreases
with temperature with temperature
N J\_

Nucleation term

Tm

Diffusion term
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=€ Crystallization Prediction for Polyethylene Terephthalate (PET) NETZSCH

Model Based E‘:“L c Prediction jlj! -
s:; Nk (An+HL): PET o urves si; Nk (An+HL): PET: Isotherma v urves
0,005 l €xo -10,0 K/min 1 110 °C
0 Fit 0,9 = 120 °C
¢ -5,0 K/min = 130 °C
-0,005 — Fit 0,8 = 140 °C
001 ¢ -4,0 K/min 07 150 °C
v — Fit o
o)) . )
§_0,015 i:t,o K/min 5 0,6
E -0,02 -2,0K/min || 0,5
~ Fit c
& -0,025 o -1,0k/min || S04
Q — Fit
-0,03 03
-0,035 V. 0.2
0,04 ' 0,1
-0,045- ' 0
100 120 140 160 180 200 220 0 10 20 30 40 50
Temperature / °C Time / min
L PET:
One can observe that at temperatures of 110°C to 120°C, no crystallization occurs and the bottles stretch
remain in the glassy state and transparent. If the production temperature is too high — e.g., 140°C — blow
then crystallization starts earlier, and the bottles get turbid. molding

kinetics.netzsch.com
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:€ PET: Comparison with experiment for complex temperature program NETZSC

Prediction Legend Prediction Legend
0 517 Nk (An+HL): PET: MultpleStep 500 M All Curves 0 st Nic (An+HL): PET: MultipleStep All Curves
= DSC == DSC
— Temp.

0,01 450 -0,005

-0,02 400

10K/min
00 350

g 300 § g
s -3K/min B > 0,02
2 o =
E p 2508 E
Q005 vk 3 5 -0,025
2 ~d. P 200~ a

-0,06/ S~ - | 0 0,03 -

~ L 150
0,07 - / ‘ -0,035

/
/
~
=)
S

-0,08 - -0,04

ul
o

-3K/min
-0,09° T T 0
0 10

20 30 40 50 60 70 80 90 120 140 160 180 200 220

H H 0
Time / min Temperature / °C
DSC /(mW/mg) Temp. /°C DSC /(mW/mg)
Lexe 1 K/ N 11971 | exo . [1.37-TR.AD
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¢ Isothermal Lifetime: predictions for 20%, 50% and 80% crystallizaton ~ NETZSCH

Properties ' Prediction egend
IsothermalLifetime Prediction ~ ~ st; Nk (An+HL): PET: IsothermalLifetime All Curves
Method / Model 100 — 0,2
s; Nk (An-+HL): PET - — 0,5
Minimal Temperature |110,0 — 0,8
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TmpeteSiep DO 10- o 210 °C
Time L 5 & 200 °C
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D) e i || © ¢ 180°c
= 170 °C
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] o032 € 150 °C
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Eﬁﬁ 0,1 - : : - - - - ¢ 110 °C
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*€ Crystallisation of PBT during cooling NEIZSICH

Source Data Legend
0,2 All Curves
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=
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:€ Crystallization model SBC with Sestak-Berggren reaction type

NETZ5CH

da

Crystallizationrate ~ — = A - f(a) - K(T)

Affif;/””””’
Avrami nucleation

____—> Hofiman-Lauritzen Theory

Sestak-Berggren Crystallization

f(a)=n- (1-a) -[-In((1-a))]"-1n f(a)=(1-a)" -a™ - [-In((1-a))]¢
Model Based Legend Model Based Legend
02 s Nk M All Curves 02 s:; SB M All Curves
! ¢ -20,0 K/min ! © -20,0 K/min
— Fit — Fit
0 © -10,0 K/min 0 ¢ -10,0 K/min
— Fit — Fit
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— Fit — Fit
-04 ¢ -2,5 K/min -04 © -2,5 K/min
o — Fit o — Fit
£-06 £-06
2 2
£-0,81 £-0,8
~ ~
A 1 A 1
g -1 g -1
-1,27 -1,2
-1.4 -1.4
-1,67 -1,67
-1,8° T T T T -1,8° T T T T
150 160 170 180 190 200 210 220 230 150 160 170 180 190 200 210 220 230

Temperature / °C

Temperature / °C

Nathanael Guigo, Jesper van Berkel, Ed de Jong , Nicolas Shirrazzuoli, Thermochimica Acta 650 (2017) 66-75
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:€ PBT: Predictions for cooling with SBC model NETZS[H

Predictions: Signa| Predictions: Conversion
Prediction Legend Prediction Legend
0 515 SBC: Dynam ic M Al Curves 1 st SBC: Dynam o M Al curves
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E - ]
E 2 g0 5
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a -2,5 04
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-3
0,2
-3,5 0,1
4! I 0
80 100 120 140 160 180 200 220 80 100 120 140 160 180 200 220
Temperature / °C Temperature / °C

<
cooling

Crystallization is not complete for fast cooling
because of diffusion near glass transition
Polymer is partially amorphous
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NETZ5CH

4. Predictions, Simulations,
Advantages and Limitation of different models

for simulations
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Crystallization kinetics

NETZ5CH

Avrami nucleation

N

Sestak-Berggren Crystallization

Crystallization rate

dt

=A-

- fa) - K(T)

N

EArrhenius approach

(model free and model based)

e

E <0

< N/ 2 non
2. Non-Arrhenius approach

(model based only)
- Hoffman-Lauritzen Theory

K(T) =exp<R(TU_T )>-exp<

—K,
TATf)

~

Partial solution only for isothermal crystallization
Uorks in small range below melting temperature

Solution for both isothermal and cooling crystallization

/

w)rks for complete crystallization range

/

kinetics.netzsch.com
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Polymer: Heating and Cooling NETZSCH

— Im
DSC /(mW/mg] Arrhenius approach
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0.4 | /
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€ Crystallization kinetics

NETZ5CH

Avrami nucleation Sestak-Berggren

o \ /
= f@} K(T)

Arrhenius Non-Arrhenius

Model based reaction type:
An: Avrami+ Arrhenius

SB: Sestak Berggren + Arrhenius

Valid: isothermal crystallization,
small temperature range

Nakamura: Avrami+ Hoffman-Lauritzen
SBC: Sestak-Berggren+ Hoffman-Lauritzen

Valid: both isothermal and cooling crystallization
complete temperature range between T, and Tm

Hoffman-Lauritzen Theory
\ Model free:
ASTM2070

da —E(a)

E=A((x)-(1—a)-exp o7

Friedman
Numerical Optimization

Valid: isothermal crystallization,
small temperature range

kinetics.netzsch.com
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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

Thermochimica Acta

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

| =

thermochimica acta

Review

ICTAC Kinetics Committee recommendations for analysis of multi-step
Kinetics

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

* Department of Chemisery, University of Alabama at Birmingham, 901 S. 14th Sereet, Birmingham, AL, 35294, USA
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© Mines Saint-Edenne, University of Lyon, CNRS, UMR 5307 LGF, Centre SPIN, F-42023 Saint-Etienne, France
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E University Cote d’Azur, Institute of Chemistry of Nice, UMR CNRS 7272, 06100 Nice, France

ARTICLE INFO ABSTRACT

Keywords: The present recommendations have been developed by the Kinetics Committee of the International
Crystallization Confederation for Thermal Analysis and Calorimetry (ICTAC). The recommendations provide guidance on ki-
Dm’""‘”?“‘"" netic analysis of multi-step processes as measured by thermal analysis methods such as thermogravimetry (TGA)
Degradation 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-

Polymerization

Pyrolysis

ciently performing multi-step kinetic analysis and interpreting its resuits.

I

Model free analysis

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

Kamal model for curing

Deconvolution analysis (sum of peaks)

5" KINETIC
l( NEO

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

NETZ5CH

Users Guide, Training examples,

Webinars: Thermokinetics (pdf and video):

2€ Kinetic Analysis of Chemical Reer X | #€ Version 2.5.0 - Kinetics Neo x € \Version 250 - Kinetics Neo x
¥ i ¥

C 3 httpsy/kinetics.netzsch.com/en/what-is-new/release-history/version-250/#1#c3308... [ & g (] Q o=

v A= English E

NETZSCH

WhatlsNew  Features Kinetics as 3 Service  learn FAQ.  Applications  Support and Service  Docs

« Advantages and disadvantages of different kinetics approaches.
* Unique and powerful features of NETZSCH Kinetics Neo software

Trial Version 30 days

B <3 i€ Leam - Kinetics Neo b4 ‘ + W — [m]
“ = O @ £ httpsy/kinetics.netzsch.com/en/learm/ {{ j,AE 7 =
NETZSCH Websites v 2 English v | Contact
“ ETZS tH What Is New  Featur Learn [AQ. Applications Supportand Service Docs Q

How To: DSC, 1 Step, Isomerization of Azobenzene
How To: DSC, 2 Steps, Curing of Epoxy Resin
How To: ARC, 1 Step, Constant Power

How To: DSC Curing, Model with Diffusion Control

Import of User-Defined Data

Literature

Literature about Kinetics: Theory, Methods, Applications

Applications

httpsi//kinetics.netzsch.com/en/leam/ 1tions

How To: TGA, 1 Step, CaOH2

How To: DIL, 3 Steps, Sintering of Si3N4

How To: DSC Curing, Data for Diffusion Control
How To: TTT Diagram, DSC Diffusion Control

Literature

Proven Excellence.

Simulated viscoity for different heating rates:

Help

Temperature

Time

Comeentration

Reaction Rate  Absolute

Log(Time) Conwersion Rate Sum of Peaks  Relative

'

# Source Data
Kmintt X
SKmintt X
Add New
4 Analysis
4 Model-Free
ASTM E698
ASTM E28%0
ASTM E1641
Dynamic Arrhenius
Iscthermal Arrhenius
ASTM E2070
Frigdman
Ozawa-Flynn-Wall
Kissinger-Akahira-Suncse
Vyazovkin
Numerical Cptimization
# Model Based
& +

Add N B
Models Summary
4 Simulation
4 Predictions
Isothermal
Isothermal Lifetime
Dynamid
Multiple Step
so
Modulated Isothermal

Froperties

Dynamic Prediction
Method / Mode!

T

Initial Temperature 1000

e

Add  Copy
Text

Final Temperature 21000

Minimal Heating Rate | 1,00

Kfmin

Maximal Heating Rate | 1600

K/min

Heating Rate Factor | 200

Calculate |

Show additional Curves
Temperature program

New Prediction of Viscosity

NETZSCH Kinetics Neo - Viscosity ARALTIDE_Data kinx2

Bac e

Save Prnt Export  Reset
mage Data

6,5
61

Y
rP]

)
w &

log(Visc.) / (Pa*s)

3

Prediction

i ¢ Dynamic

50

100
Temperature / °C

150

200

Legend
1 K/min
— 2 K/min
— 4 K/min
—— 8 K/min
16 K/min

Press F1 for help

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

"Absolute Raw™:

Home View

Temperature  Signal

Time Conversion

Concentration

Help

Absolute Raw
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Conclusion

NETZ5CH

€

KINETICS

N E O IS used to analyze kinetics of temperature dependent
chemical processes.

Analysis

one mathematical kinetic description for several measurements

different approaches: model free (11 methods) and model based (unlimited number of models)

model based: individual reaction steps, concentrations, kinetic triplet for each step, reaction mechanism
standard reaction types (n-th order, Autocatalysis, diffusion, Avrami nucleation)

unique reaction types (Kamal-Sourour, diffusion control, Nakamura nucleation, Hoffman-Lauritzen theory)
Standard data types like TG or DSC

Unique data types (Dilatometry, Rheometry, DEA)

Predictions and optimizations

L]

L]

L]

L]

L]

optimization of industrial chemical processes like debinding, curing, sintering

standard predictions (isothermal, heating, multi-step, user-defined, TD24, climatic for 100 weather stations)
unique predictions of individual peaks, concentrations, Tg, TTT diagram, temperature presets like fire presets)
prediction of viscosity or ion viscosity for new temperature profile

Optimization of temperature profile for constant or predefined conversion rate

kinetics.netzsch.com
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