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Kinetics ®
Motivation

Industrial/research requirement for a simple characterization
methodology to model resin cure kinetics from DSC measures

Software goals

1. Accurate numerical solutions for experimental data analysis taking into
account trends accuracy and DSC sensitivity

2. Software package for cure kinetics modeling implementing standard models
as well as user defined models

3. Creation of glass transition temperature, Inhibition time and gel time models
4. Generation of TTT diagrams

5. Prediction of cure evolution for a user defined temperature profile
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CureKinetics ®

Differential Scanning Calorimetry (DSC)

With a DSC instrument phase transitions or chemical reactions in a material can be
analyzed when sample is heated, held at a constant temperature or cooled off

Schematic picture of a DSC instrument
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Kinetics ®
Polymerization reaction of thermosets
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The polymerization reaction is exothermic

Cp variations;
(~reversible )
A Differential calorimetr g
CXC c-C y
_ _ DSC
Exothermic reaction of Polymerization reaction
unsaturated polyester ( non-reversible )
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Kinetics®
Polymerization reaction of thermosets
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CureKinetics ®
What CureKinetics does?
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CureKinetics
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A ox

ot ak ) f
/
.

» Various kinetic models can be calculated for one set of DSC experiments

\

« Data are stored in a MS Access Database for easy user access

* Modeling reports can be generated in MS Word
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CureKinetics®

How CureKinetics looks like?

Startup window

TF Cure Kinetics - C:\Program Files\Cure Kinetics\Sample databases\Vinylester resinlvinylester-2phrPulcat.mdb

File “iew Tools Data Help About

< Project DSC data files Kinetic models

Model solution

& 7

&)

Database Description

D atabase name ‘vinylester-thrPuIcat.mdb

Databasze path ‘C:\Plogram Files\Cure KineticshS ample d|

Date of creation ‘ 2006-06-08

Author ‘ Edu Ruiz
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Project Description

DSC instrument | T4 01000

Hesin tested |\,"iny\ester 411-350

Test description | dynamic runs

Temperature units | Celsiuz

Time units | Minutes

Number of DS files loaded 3 |

Number of kinetic models
Number of solved kinetic models

. 1-Project

description
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CureKinetics®

Loading DSC data files

DSC files formats

Type of file selection

tegration

L210
200
130
180
170
1650
150
Ll ¥ 140
T 8 130
120
110
24 100
a0
a0
70
60
50
a0
30

—tt—t P‘~”- —t——tt vk —
0 1 2 3 4 5 ‘~"‘-~E-~ 7 j:”///' g
time

Definition of beginning
Advanced Settings ILL u\ N and end Of I'eaction

Heat flow
o
Temperature
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CureKinetics ®

DSC data files loaded

n Cure Kinetics - C:\Program Files\Cure Kinetics\Sample databases\Winylester resin\vinylester-2phrPulcat.mdhb
File “iew Toolz Data Help About

Project .~ DSC data files Kinetic models Model solution
JI{:.F\\ J,"AH .m ;r@ A é a O Project units : Celsius | Minutes

[ D[ Dran[Measue_ | TotaHeal] _MaxTemperatue| _Feflemperatue]

1 1| Dpnaric 350 0 %

2| 1| Dynamic 350 0 i : | 7 i, 29HR ot
g @ A in,

Se ri es of i 1 gynam!c g:g g 0243 P e 1.794°Cimin, 2PHR Cat
> MHENE . +  3.405°Cimin, 2PHR Cat
4l | D 350 g 0z .. «  3408"Cimin, 2PHR Cat
DSC runs B 1| Dynamic 350 0 o 4.933Cimin, 2PHR Cat
7 1{ Dpnarnic 350 a0 o 4.924°Cimin, 2PHR Cat
8l 1 Dpnamic 350 0 ©  B.AD4°CHIN, 2PHR Cat
E 1 Opnamic 0 +  BADIFCHIN, 2PHR Cat
- o 7843CHIN, 2PHR Cat

Reaction rate

Repeated DSC tests can
be used to consider
experimental dispersion

[l

|

Select Y-Axis Select X-Axis

Reaction rate b ‘ ‘ tirne: hd ‘ g ‘\‘J
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Definition of kinetic models

TF Cure Kinetics - C:\Program Files\Cure Kinetics\Sample databases\Winylester resin\wvinylester-2phrPulcat.mdhb

File “iew Toolz Data Help About

Project DSC data files Kinetic models l Model solution

© - @ © ¢ (€]

Kam our MO

Autocatalptic

£ £l

Kinetic model # 2

Select the kinetic model

F.amal-5ourour ~ Update Model

5= (e () e (7)) 0o

K1 fived |v| [504E3115662324] E1 [fimed +| [120713m02

n | fised | [1.7380802| m | fised

v| [p217745g|

K_2 | fived w | |38132820814085 | E_2 |fived | | 1096.06528

Select additonnal features for the modeling
[ Model Inkibitor decomposition
[ Model diffusion controlled reaction
[] Model Glass Transition Temperature (Ta)
[ todel % catalyst

tMaodel % filler

84 CureKinetics®
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parameters
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CureKinetics®

Available kinetic models

el

Autocatalytic = 1'91’#(%)'&”'( K (T) — @)™ - Flo]

Kamal-Sourour 2= (&, - exp (2] + Ky - exp(Z2) - a™ ) - (e5,., (T)— @)™ Fled)

Ruiz E =K, -exp (—El (TL;E— 1)) cGlog) (e, (T —a)™ - Flog

J.L. Bailleul == 1-exp(—El(”' —1))-5(::-:)-1?([:.:)

|

User defined models

o —E
nth_order ; = 1 EIF (Tl) " Ii —— I:T:l _ ﬂjn FI: [:'::l User Defined Kinetic Models
B Madified k-5ourour madel: ReactionKinetics : [a*esp(-be1+c expl-dsa1 4 D’:
Mechanisti d o B —E,
echanistic E—Kaexp T Iy (e, (T)—a)- B - Flog & o
d - Ey —E
d_f Klexp( ) [Kl exp( T )+I~fq exp( T‘)]-,B Modelname_[Madfed xS -

Mbr of independent varables _

List of parameters to be used
1 [aenpl-b/sl borempl-dlel 2] e F(absl[1-1-0.41( 400

DIfoSlon F(ﬂ() = l+exp[:E1(Dc_Dc{.'):]
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CureKinetics ®

Solution of kinetic models

Solution of kinetic model

Solve kinetic model # 6

Kinetic model ; | FH-order | 1 0en 4+ S
ane-1 4 -~ L
. . Cdafa K -__n'_ _____i!a s o= 0w [ [ ) [ [ | o
lzathermal DSC:| 3 Dynamic DSC: 3 S0e1 4+ T L
. e

Kimeti ters bo be solved :
inetic: parameters to be zolve 25_03-1 + i /
: ,
r

. 8 50ed 4 :
Solution method : =]

§ PRI N - ;
Ozawa [Ea ¥|  Setsolver = L -
- - o 30814+ : s . .
\ Maon-linear regression o h -
= N\ |zathermal [Ea 20e-1 47 L .
Solution S e i f -
1.08-1 14 oo -
methods 1 4815 L et
-ttt
/ 1] ] 10 15 20 25 a0 39 40
Model Difussion : time: [ Minutes ]
tModel Catalyst %
Calculate Ea Cancel
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®4 CureKinetics®

Verification of kinetic parameters
(rate at peak, cure al peak, etc)

TF Cure Kinetics - C:\Program Files\Cure Kinetics\Sample databases\Winylester resin\vinylester-2phrPulcat.mdb
File “iew Toolz Data Help About

Project DSC data files Kinetic models Model solution

/‘;ﬁl E °(t Project units : Celsius | Minutes
028 J

Select Kinetic model | Kinetic madel # 2 v| [Update Model] 0274
026 3 = Kinetic model # 2
0253 m DSC data

KamalSeurou 024 3 —— Kinetic madel # 3

02334 = Kinetic madel # 1

de —E, —E,

— =K, -ex [—‘)—Kq-ex [—“)-a’“)- 1—a”

de [ 1 Pl 2 Pl ( )

peak

K1 | Bodeanisee2azd?| Bl [130713702]  mo [0.2177458]

K_2 E_2 [tossosses| no [1.7380802
k3 [ eisesrrmsaig]  E_3 [sa13mm] 10 [ Domss

T_ief 10293887

CureRate_at

Diffuzion model

HeatingRate

Select Y-Axis Select X-Axis
CureRate_at_peak hd HeatingH ate hd § -J
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CureKinetics ®

Comparison of kinetic models and DSC data

Dynamic
correction of
model

W

Dynamic parameters

Kinetic Model # 2

Select kinetic parameter

E

-60.4631156623247 =

Update model

Close
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FF| Cure Kinetics - Comparison of madel results

LEX

Kinetic models

Project units: Celsius | Minutes

Kinetic Model # 2 v

Kamal-5ourour
Diraws model

=i
HeAxis

Plot dsc data options

Kinetic parameters

30 Surface

S

Close

Degree of cure
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0.24
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0.2
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CureKinetics®
3D graphs of kinetic models

Cure Kinetics - 3D Kinetic surface

Kinetic models Frojectunits: Celsius/Minutes

Kinetic model # 1 v

Graph limits

Diraw DSC data files Min termperature

hax temperature

Catalyst percent

1o %

238
Draw

| Degres of cure v |

kax curing time

93.52834444

Mouse dynamics

time step
049764172
() 3D rotation
z
© Zoom Recalculate
30 Zoom
< | £l

-7

Close
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CureKinetics®

Model solution for a temperature profile

" Cure Kinetics - Test temperature profile. L [5]x]
Kinetic models Frojectunits: Kelvin | Minutes Curve segments
Kinetic model # 3w o
[knciom 3
Ruiz nE — Temperature

=1  —HKinetic model # 5 | Fi i
Draw model nssd — K:Eet:g ﬁd; s Fived dwells profile
083
0754
07 Segment to move
L 064 E
3 ossd S Segment kind
= 054 o
5 :
o 0454 o
Draw DSC data o4 E-
U S o
Export data O o034 Heating Rate
0254 Ea |
024 81652
0134 —
g ‘u} — “1
—
8.03 3 Dwell ime ——
0
u] & 10
< | >
tirne step [rin) Catalyst percent Show Temp. profile
Close Y% Fecalculate [ Auto-recalculate
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CureKinetics®

Glass transition temperature

Glass Transition Temperature

O lzothermal
1 =—DiBenedetto

Kinetic model E

-ttt
41 02 03 04 05 0 07 08 09 1
Degree of cure

Di Benedetto Tg model

Tg - Tg[] _ A

Tge — Tga 1-(1-A)e

Tge 359658 fied W
Tg 0 248.329 fied ¥
Lambda 05503 fived v
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CureKinetics®

Inhibition time model

Inhibition time model

|
| |=zothermal
B hiodel

Kinehc model E

Inhibition time [Minutes]

I T T T T T T T T
300 350 400
Temperature [*K]

Integral time model

W(eT) =ty = 7 exp( -5 - (- 1)) e

Degree of cure at inhibition
Ref. Temperature - 440 fived E
Reference time niz calculate ﬂ
B cosf: 3] | calculate E
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CureKinetics®

Gel time model

Gel time nmodel

|
|zothermal
— Eindel

Kinehc model E

Gel time [Minutes]

————r—
300 320 340 360 380 400
Temperature [*K]

Gel time model

ter = f;s'i exp (—B . (T—;‘fi - 1)) - dt

Degree of cure at Gel -
Ref. Temperature - 400 fixed E

Reference time N.662 fiwed Li
B cosf: 19.002] |fied v
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CureKinetics®

Time-Temperature-Transformation diagram

Engineering

Flow
Technology for Composites

Time Temperature Transformation diagram

Kinetic model #1 v

=
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— el Time maodel
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O Dynamic DSC
Gelled rubber — kinetic model

— |zoconversiaon

Liquid

T Toit} =248 [*K]

Gelled glass

Ungelled glass

LB e
30 4.0 .0 B0
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7.0 8.0 9.0
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