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Physical Aging
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Physical aging – material evolution in the 
glassy state (T<Tg) as thermodynamic 
state variables evolve towards equilibrium 
(usually very slowly!)

• Increases residual stress
• Could cause cracking/delamination

For high-reliability designs that need to perform over decades, the 
need for accurate models of physical aging are clear

Increasing aging time 
yield stress (+)

stiffness (+)

Increasing Aging time 
Heat capacity overshoot (+)

CTE overshoot (+)

Enthalpy, Volume (-)

Tenney, Long, Kropka, 
SAND2019-2248R

Simon and 
McKenna, Ch. 2 in 
Polymer Glasses

Clarkson, 
McCoy, 
Kropka, 
Polymer, 
2016
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Previous attempts at modeling physical aging
• Nonlinear viscoelastic constitutive model
• Simplified Potential Energy Clock (SPEC) model [1-5]

[1] Caruthers et al., Polymer, 2004
[2] Adolf et al., Polymer, 2004
[3] Adolf et al., Polymer, 2009
[4] Talamini et al. SAND2021-9851CTF
[5] Cundiff et al. SAND2021-11193

828/DEA

828/DEA
Yield stress vs aging time

Aged at 55 °C

Experiments reach 
equilibrium

Simulations continue 
to evolve

Tenney, Long, Kropka, 
SAND2019-2248R

828/T403 – Yield stress vs aging time

Simulation 
predicts no 
yield stress 
evolution!

55 °C

65 °C

76 °C

83 °C

Circle – Simulation Diamond-Experiment

Adolf et al., 
Polymer, 2004

• Although SPEC can qualitatively predict physical aging, but quantitative 
predictions are very sensitive to model parameterization.

• Objective: Evaluate ability of SPEC to predict multiple measures of material 
evolution using a single set of parameters
• Search for a robust calibration procedure
• Identify issues preventing accurate predictions

• 828/T403 (Tg ~ 90C)
• 828/DEA (Tg ~ 75C)



The SPEC(tacular) Model
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Shear Strain ContributionsVolume Strain Contributions

Thermal-Strain Contributions Thermal Contributions

Coleman-Noll

All relaxation functions monotonically decrease from 1 to 0 



Stress and Relaxation Functions
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Material Clock Definition
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High shift factor  slow clock  Glassy
Low shift factor  fast clock  Rubbery

Volume Contribution

Thermal Contribution

Shear Contribution

Hotter  faster clock

Less dense  faster clock

Shear strain  faster clock



How does SPEC predict physical aging?
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• Memory of thermal history causes shift factor to lag behind WLF. 
• As the memory is forgotten, the shift factor increases, slowing relaxation processes in the model

The key to physical 
aging predictions!



Standard Calibration Approach
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Dilatometry

Shear Master Curve

Thermo-mechanical 
Analyzer (TMA)

Differential Scanning 
Calorimetry (DSC)

� 4Glassy Compression



Standard Calibration Approach
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Dilatometry

Shear Master Curve

Thermo-mechanical 
Analyzer (TMA)

Differential Scanning 
Calorimetry (DSC)

� 4Glassy Compression

� � (� )

� ∞(� )

Adolf et al., 
Polymer, 2004



Standard Calibration Approach
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Dilatometry

Shear Master Curve

Thermo-mechanical 
Analyzer (TMA)

Differential Scanning 
Calorimetry (DSC)

� 4Glassy Compression

� 1,�� 2

� ref
�

� ref
∞

� 2

� 2

� 2



Standard Calibration Approach
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Dilatometry

Shear Master Curve

Thermo-mechanical 
Analyzer (TMA)

Differential Scanning 
Calorimetry (DSC)

� 4Glassy Compression

� 3
� ∞(� )

� � (� )



Standard Calibration Approach
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Dilatometry

Shear Master Curve

Thermo-mechanical 
Analyzer (TMA)

Differential Scanning 
Calorimetry (DSC)

� 4Glassy Compression

� 4

� ∞(� )
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Standard Calibration Approach
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Dilatometry

Shear Master Curve

Thermo-mechanical 
Analyzer (TMA)

Differential Scanning 
Calorimetry (DSC)

� 4Glassy Compression

� 4



Alternative Calibration Approaches
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Shear Master Curve

Thermo-mechanical 
Analyzer (TMA)

� 4,� 3 = � 1Glassy Compression Slow cool (Aged) DSC

� 4Glassy Compression Thermo-mechanical 
Analyzer (TMA)

Thermo-mechanical 
Analyzer (TMA)

Differential Scanning 
Calorimetry (DSC)

Differential Scanning 
Calorimetry (DSC)

� 4Glassy Compression



Calibration Fits: 828/T403
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TMA TMA TMA

DSC DSC DSC

Comp. Comp. Comp.

Solid - Model fit
Dashed - Experiments



Yield Stress Evolution (828/T403)
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Legacy 
Calibration



What determines successful predictions of yield stress evolution?

17

Yield stress evolution rate

Shift factor at 
start of 
loading 

increases  
larger barrier 

to yield

If tau2<tau3, 
the thermal 

history is 
forgotten 

before yield



So why was the DSC method most successful?
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828/T403

23.8

33,900

946.
828/T403

828/DEA

828/DEA

21.6

0.664

840.



Enthalpy Recovery (828/T403)
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Aging 
Temp.
55 °C

Aging 
Temp.
83 °C



Enthalpy Recovery Parameter Studies
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15 °C/min Fit 
for 0.5 °C/min Prediction

0.5 °C/min Fit 
for 15 °C/min Prediction

Overshoot is too high!

Transition is too broad!



What determines successful predictions of enthalpy recovery?
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MOGA – multi-objective genetic algorithm
Pareto front – set of non-dominated points
Objective functions formed on all 6 cooling 
rates, but only slowest and fastest cooling rates 
shown here.



So why was the compression method most successful?
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828/T403

0.835 0.25

129 0.15

17.6 0.21

828/DEA

41.0 0.26

1.42 0.27

890 0.22



Conclusions
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• SPEC was able to qualitatively predict a wide variety of 
viscoelastic and physical aging phenomenon

• But, you have to choose which behaviors to target in the 
calibration procedure

• This indicates model form errors
• Need to implement a non-diverging equilibrium shift factor
• Relaxation functions may change breadth with aging



Thank you!
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Tweaked 
Calibration

Standard 
Calibration

828/DEA

828/DEA
Yield stress vs aging time

Aged at 55 °C

Experiments reach 
equilibrium

Simulations continue 
to evolve

828/T403 – Yield stress vs aging time 
Simulation 
predicts no 
yield stress 
evolution!

Tweaked 
calibration is 

close at 55 ºC 
and 65 °C

55 °C

65 °C

76 °C

83 °C

Circle – Simulation Diamond-Experiment

Previous attempts at modeling physical aging

• Although SPEC can qualitatively predict physical aging, 
quantitative predictions are very sensitive to model 
parameterization.

• Objective: Evaluate ability of SPEC to predict 
multiple measures of material evolution using a 
single set of parameters
• Search for a robust calibration procedure
• Identify issues preventing accurate 

predictions
• 828/T403 (Tg ~ 90C)
• 828/DEA (Tg ~ 75C)

Tenney, Long, Kropka, 
SAND2019-2248R

Adolf et al., 
Polymer, 2004



Calibration Fits: 828/DEA
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TMA TMA TMA

DSC DSC DSC

Comp. Comp. Comp.



Relaxation Functions
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828/T403 828/DEA



Model Parameterization for 828/T403
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Model Parameterization for 828/DEA
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Relaxation Function Parameters
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Yield Stress Evolution, Stress-strain curves (828/T403)
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Legacy 
Calibration

Aged and Loaded at 65 °C



Yield Stress Evolution (828/DEA)
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Legacy 
Calibration

Aged and Loaded at 55 °C



Yield Stress Evolution, Stress-strain curves (828/DEA)
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Legacy 
Calibration

Aged and Loaded at 55 °C



What determines successful yield stress evolution?
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� age = � ref − 10� ° C



Enthalpy Recovery (828/DEA)
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Aging 
Temp.
55 °C

Aging 
Temp.
65 °C


