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This Presentation is a Sequel
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Recap
Most important points from last year’s presentation
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Curing Kinetics
New parameters and new curing models
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Curing Kinetics

 Evolution equation for degree of cure 𝑝𝑝:
�̇�𝑝 = 𝐾𝐾1 𝑇𝑇 ⋅ 1 − 𝑝𝑝 𝑛𝑛1 + 𝐾𝐾2 𝑇𝑇 ⋅ 1 − 𝑝𝑝 𝑛𝑛2 ⋅ 𝑝𝑝𝑚𝑚

 Different options for expressions 𝐾𝐾𝑖𝑖(𝑇𝑇), but mostly used:
𝐾𝐾𝑖𝑖(𝑇𝑇) = 𝑘𝑘𝑖𝑖 ⋅ exp −𝑄𝑄𝑖𝑖

𝑅𝑅𝑅𝑅

 Chemical interpretation:
 System of two species 𝐴𝐴 and 𝐵𝐵, with concentrations 𝑐𝑐1 and 𝑐𝑐2
 Sum of concentrations is always 1.0
 Identifying 𝑐𝑐2 = 𝑝𝑝 and, thus, 𝑐𝑐1 = 1 − 𝑝𝑝 gives

̇𝑐𝑐1 = −𝐾𝐾1 𝑇𝑇 ⋅ 𝑐𝑐1
𝑛𝑛1 − 𝐾𝐾2 𝑇𝑇 ⋅ 𝑐𝑐1

𝑛𝑛2 ⋅ 𝑐𝑐2𝑚𝑚

̇𝑐𝑐2 = 𝐾𝐾1 𝑇𝑇 ⋅ 𝑐𝑐1
𝑛𝑛1 + 𝐾𝐾2 𝑇𝑇 ⋅ 𝑐𝑐1

𝑛𝑛2 ⋅ 𝑐𝑐2𝑚𝑚

(Extended) Sourer-Kamal-Model

𝐴𝐴 𝐵𝐵

𝐵𝐵

𝒏𝒏𝐭𝐭𝐭𝐭-order  Prout-Tompkins
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Curing Kinetics

 System of three species 𝐴𝐴, 𝐵𝐵 and 𝐶𝐶, with concentrations 𝑐𝑐1, 𝑐𝑐2 and 𝑐𝑐3, respectively

 Three options available
 System 1:

̇𝑐𝑐1 = −𝐾𝐾1 𝑇𝑇 ⋅ 𝑐𝑐1
𝑛𝑛1 ⋅ 𝑐𝑐2

𝑚𝑚1

̇𝑐𝑐2 = 𝐾𝐾1 𝑇𝑇 ⋅ 𝑐𝑐1
𝑛𝑛1 ⋅ 𝑐𝑐2

𝑚𝑚1 − 𝐾𝐾2 𝑇𝑇 ⋅ 𝑐𝑐2
𝑛𝑛2

̇𝑐𝑐3 = 𝐾𝐾2 𝑇𝑇 ⋅ 𝑐𝑐2
𝑛𝑛2

 System 2:
̇𝑐𝑐1 = −𝐾𝐾1 𝑇𝑇 ⋅ 1 + 𝑘𝑘𝑐𝑐1 ⋅ 𝑐𝑐2 𝑐𝑐1

𝑛𝑛1

̇𝑐𝑐2 = 𝐾𝐾1 𝑇𝑇 ⋅ 1 + 𝑘𝑘𝑐𝑐1 ⋅ 𝑐𝑐2 𝑐𝑐1
𝑛𝑛1 −𝐾𝐾2 𝑇𝑇 ⋅ 𝑐𝑐2

𝑛𝑛2 ⋅ 𝑐𝑐3
𝑚𝑚2 − 𝐾𝐾3 𝑇𝑇 ⋅ 𝑐𝑐2

𝑛𝑛3

̇𝑐𝑐3 = 𝐾𝐾2 𝑇𝑇 ⋅ 𝑐𝑐2
𝑛𝑛2 ⋅ 𝑐𝑐3

𝑚𝑚2 + 𝐾𝐾3 𝑇𝑇 ⋅ 𝑐𝑐2
𝑛𝑛3

Three Species models

𝐴𝐴 𝐶𝐶𝐵𝐵

𝒏𝒏𝐭𝐭𝐭𝐭-order  Prout-Tompkins

𝐴𝐴 𝐶𝐶

𝐶𝐶

𝐵𝐵

𝒏𝒏𝐭𝐭𝐭𝐭-order with 
autocatalisys

𝐵𝐵
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Curing Kinetics

 System of three species 𝐴𝐴, 𝐵𝐵 and 𝐶𝐶, with concentrations 𝑐𝑐1, 𝑐𝑐2 and 𝑐𝑐3, respectively

 Three options available:
 System 3:

̇𝑐𝑐1 = −𝐾𝐾1 𝑇𝑇 ⋅ 1 + 𝑘𝑘𝑐𝑐1 ⋅ 𝑐𝑐2 𝑐𝑐1
𝑛𝑛1

̇𝑐𝑐2 = 𝐾𝐾1 𝑇𝑇 ⋅ 1 + 𝑘𝑘𝑐𝑐1 ⋅ 𝑐𝑐2 𝑐𝑐1
𝑛𝑛1 − 𝐾𝐾2 𝑇𝑇 ⋅ 1 + 𝑘𝑘𝑐𝑐2 ⋅ 𝑐𝑐3 𝑐𝑐2

𝑛𝑛2

̇𝑐𝑐3 = 𝐾𝐾2 𝑇𝑇 ⋅ 1 + 𝑘𝑘𝑐𝑐2 ⋅ 𝑐𝑐3 𝑐𝑐2
𝑛𝑛2

Three Species models

𝐴𝐴 𝐶𝐶𝐵𝐵

𝒏𝒏𝐭𝐭𝐭𝐭-order  Prout-Tompkins
𝒏𝒏𝐭𝐭𝐭𝐭-order with 
autocatalisys

𝐵𝐵 𝐶𝐶

𝐵𝐵

𝐶𝐶
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Curing Kinetics

 System of three species 𝐴𝐴, 𝐵𝐵 and 𝐶𝐶, with concentrations 𝑐𝑐1, 𝑐𝑐2 and 𝑐𝑐3, respectively

 Three options available:

 Sum of concentrations is always 1.0
 Product 𝑐𝑐3 = 1.−𝑐𝑐1 − 𝑐𝑐2 can be eliminated from the systems
 Only system of two ordinary differential equations to be solved

 Degree of cure 𝑝𝑝 is a function of the concentrations: 𝑝𝑝 = 1 − 𝑐𝑐1 − 𝑐𝑐2 + 𝐹𝐹1 ⋅ 𝑐𝑐2

Three Species models

𝒏𝒏𝐭𝐭𝐭𝐭-order  

Prout-Tompkins

𝒏𝒏𝐭𝐭𝐭𝐭-order with 
autocatalisys

𝐴𝐴 𝐶𝐶𝐵𝐵 𝐴𝐴 𝐶𝐶

𝐶𝐶

𝐵𝐵
𝐵𝐵

𝐴𝐴 𝐶𝐶𝐵𝐵
𝐵𝐵 𝐶𝐶
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Curing Kinetics

 System of four species 𝐴𝐴, 𝐵𝐵, 𝐶𝐶 and 𝐷𝐷, with concentrations 𝑐𝑐1, 𝑐𝑐2, 𝑐𝑐3 and 𝑐𝑐4, respectively

 One option available:

 Sum of concentrations is always 1.0
 Product 𝑐𝑐4 can be eliminated from the systems
 System of three ODEs to be solved

 Degree of cure 𝑝𝑝 is a function of the concentrations: 𝑝𝑝 = 1.−𝑐𝑐1 − 𝑐𝑐2 − 𝑐𝑐3 + 𝐹𝐹1 ⋅ 𝑐𝑐2 + 𝑐𝑐3 + 𝐹𝐹2 ⋅ 𝑐𝑐3

Four Species models

𝐴𝐴 𝐷𝐷𝐵𝐵 𝐶𝐶
𝐵𝐵 𝐶𝐶 𝐷𝐷

𝒏𝒏𝐭𝐭𝐭𝐭-order with 
autocatalisys
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Curing Kinetics

 𝑐𝑐5 can be eliminated from the system
 System of four ODEs to be solved

 Degree of cure 𝑝𝑝 is a function of the concentrations
𝑝𝑝 = 1.−𝑐𝑐1 − 𝑐𝑐2 − 𝑐𝑐3 − 𝑐𝑐4 + 𝐹𝐹1 ⋅ 𝑐𝑐2 + 𝑐𝑐3 + 𝑐𝑐4 +

𝐹𝐹2 ⋅ 𝑐𝑐3 + 𝑐𝑐4 + 𝐹𝐹3 ⋅ 𝑐𝑐4

 𝑐𝑐4 and 𝑐𝑐5 can be eliminated from the system
 System of three ODEs to be solved

𝑝𝑝 = 𝐹𝐹1 ⋅ 1 − 𝑐𝑐1 +
1.−𝐹𝐹1 𝐹𝐹2 1.−𝑐𝑐2 + 1.−𝐹𝐹2 1.−𝑐𝑐2 − 𝑐𝑐3

Five Species models

 System of five species 𝐴𝐴, 𝐵𝐵, 𝐶𝐶, 𝐷𝐷 and 𝐸𝐸, with concentrations 𝑐𝑐1, 𝑐𝑐2, 𝑐𝑐3, 𝑐𝑐4 and 𝑐𝑐5, respectively

 Three options available:

 Sum of concentrations of each system of reactions is always 1.0

𝐴𝐴 𝐷𝐷𝐵𝐵 𝐶𝐶
𝐵𝐵 𝐶𝐶 𝐷𝐷

𝐸𝐸𝐸𝐸 𝐴𝐴 𝐷𝐷
𝐷𝐷

𝐵𝐵 𝐸𝐸𝐶𝐶
𝐶𝐶 𝒏𝒏𝐭𝐭𝐭𝐭-order  

𝒏𝒏𝐭𝐭𝐭𝐭-order with 
autocatalisys

𝐴𝐴 𝐷𝐷𝐵𝐵 𝐶𝐶
𝐵𝐵 𝐷𝐷 𝐷𝐷

𝐸𝐸𝐸𝐸
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Curing Kinetics

 So far, scalar parameters (𝑘𝑘𝑖𝑖 ,𝑄𝑄𝑖𝑖 ,𝑘𝑘𝑐𝑐𝑖𝑖 ,𝑛𝑛𝑖𝑖 ,𝑚𝑚𝑖𝑖) for a pre-defined model had to be defined

 Alternative approach: Model free kinetics option 
 Evolution equation for degree of cure 𝑝𝑝

�̇�𝑝 = exp ln 𝐴𝐴𝐴(𝑝𝑝) ⋅ exp −
𝑄𝑄 𝑝𝑝
𝑅𝑅𝑇𝑇

 Direct, tabulated input of the logarithmic scaling function ln 𝐴𝐴𝐴(𝑝𝑝) and the activation energy 𝑄𝑄 𝑝𝑝

Model free kinetics
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Visco-Elasticity
New input possibilities
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Visco-Elasticity

 Behavior is governed by the Prony-series expansion for shear and bulk modulus

𝐺𝐺 𝑡𝑡 = 𝐺𝐺∞ + �
𝑖𝑖=1

𝑛𝑛𝐺𝐺

𝐺𝐺𝑖𝑖𝑒𝑒−𝛽𝛽𝑖𝑖
𝐺𝐺𝑡𝑡 , 𝐾𝐾(𝑡𝑡) = 𝐾𝐾∞ + �

𝑖𝑖=1

𝑛𝑛𝐾𝐾

𝐾𝐾𝑖𝑖𝑒𝑒−𝛽𝛽𝑖𝑖
𝐾𝐾𝑡𝑡

 Standard input:
 Individual input for 𝐺𝐺𝑖𝑖 ,𝐾𝐾𝑖𝑖 , 𝛽𝛽𝑖𝑖𝐺𝐺 ,𝛽𝛽𝑖𝑖𝐾𝐾

 Maximum flexibility of visco-elastic response (frequency dependent Poisson’s ratio 𝜈𝜈)
 Input restricted to 𝑛𝑛𝐺𝐺 ≤ 18 and 𝑛𝑛𝐾𝐾 ≤ 18

 Feedback
 “Would be great to have more Prony-series terms”
 “We always assume a constant 𝜈𝜈”

Prony-Series input
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Visco-Elasticity

 Behavior is governed by the Prony-series expansion for shear and bulk modulus

𝐺𝐺 𝑡𝑡 = 𝐺𝐺∞ + �
𝑖𝑖=1

𝑛𝑛𝐺𝐺

𝐺𝐺𝑖𝑖𝑒𝑒−𝛽𝛽𝑖𝑖
𝐺𝐺𝑡𝑡 , 𝐾𝐾(𝑡𝑡) = 𝐾𝐾∞ + �

𝑖𝑖=1

𝑛𝑛𝐾𝐾

𝐾𝐾𝑖𝑖𝑒𝑒−𝛽𝛽𝑖𝑖
𝐾𝐾𝑡𝑡

 New parameter VIOPT. If value less then zero, then...

 ... a constant value for 𝜈𝜈 and, consequently, 𝐾𝐾𝑖𝑖 = 2+2𝜈𝜈
3(1−2𝜈𝜈)

𝐺𝐺𝑖𝑖 are assumed

 ... the decay constants match: 𝛽𝛽𝑖𝑖𝐺𝐺 = 𝛽𝛽𝑖𝑖𝐾𝐾

 Two options for VIOPT

 -1: Input of 𝐸𝐸𝑖𝑖, that are internally translated into shear relaxation moduli 𝐺𝐺𝑖𝑖 = 1
2+2𝜈𝜈

𝐸𝐸𝑖𝑖
 -2: Direct input of shear relaxation moduli 𝐺𝐺𝑖𝑖
 Up to 25 Prony-series terms possible

Prony-Series input
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Visco-Elasticity
Prony-Series input
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Visco-Elasticity
Prony-Series input example

 Assume constant value 𝜈𝜈 = 0.0 → 𝐾𝐾𝑖𝑖 = ⁄2 3 𝐺𝐺𝑖𝑖 , 𝐸𝐸𝑖𝑖 = 2 𝐺𝐺𝑖𝑖
 Following input is equivalent:

... (Cards 1 to 12)
$       Gi   beta_Gi        Ki   beta_Ki
3.000E-01 1.000E-01 2.000E-01 1.000E-01
6.000E+00 1.000E+00 4.000E+00 1.000E+00
9.000E+01 1.000E+02 6.000E+01 1.000E+02
1.500E+03 1.000E+04 1.000E+03 1.000E+04

... (Cards 1 to 12)
$ VIOPT nu

-1       0.0
$       Ei   beta_Ei        Ej beta_Ej
6.000E-01 1.000E-01 1.200E+01 1.000E+00
1.800E+02 1.000E+02 3.000E+03 1.000E+04

... (Cards 1 to 12)
$ VIOPT nu

-2       0.0
$       Gi   beta_Gi        Gj beta_Gj
3.000E-01 1.000E-01 6.000E+00 1.000E+00
9.000E+01 1.000E+02 1.500E+03 1.000E+04

St
an

da
rd

 In
pu

t
VI

O
PT

 <
 0
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Summary and Outlook
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Summary and Outlook

 New curing kinetics options
 Chemical systems with two, three, four, or five species
 Model-free kinetics approach with tabulated input for activation energies and logarithmic scaling 

function
 Approaches validated with experimental and simulation data

 New input for Prony-series terms
 Assume a frequency-independent Poisson’s ratio
 Only define series expansion of Young’s or shear modulus
 Higher number of Prony-series terms

 Need to look into the plasticity algorithm when material is used in a cohesive element

Stay tuned: This could be the second part of a trilogy!
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Find us on 

DYNAmore GmbH, 
an Ansys Company
Industriestr. 2
70565 Stuttgart-Vaihingen
Germany

Tel.: +49 - (0)711 - 459 600 0
Fax: +49 - (0)711 - 459 600 29
info@dynamore.de

www.dynamore.de
www.dynaexamples.com
www.dynasupport.com
www.dynalook.com

Thank You
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